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ABSTRACT

This report summarizes the research done in the Center for
Laser Research at Oklahoma State University supported by the U.S.
Army Research Office under Contract Number DAAL03-88-K-0025 from
January 15, 1988 - January 14, 1991. The research involves the
use of laser spectroscopy techniques such as four-wave mixing,
high power picosecond pulse pumping, and time-resolved site-
selection spectroscopy to characterize dynamical optical
processes such as energy migration, multiphoton absorption,
radiationless relaxation, and the photorefractive effect in
materials with potential applications in optical technology. The
materials investigated include laser crystals such as Cr3+—doped
alexandrite, emerald, garnets, and glass ceramics as well as
Nd3+-doped garnets and germinates and Ho3+-doped fluorides. 1In
addition, photorefractive processes were studied in potassium
niobate crystals and in rare earth doped glasses. Some of the
results of major importance from this work are: (1) The
characterization of the properties of laser-induced gratings in
glasses; (2) The elucidation of the effects of dopant ions on the
photorefractive response of potassium niobate; (3) The
observation of a new type of picosecond nonlinear optical
response in potassium niobate associated with scattering from a
Nb hopping mode; (4) The characterization of the properties of
energy migration and radiationless relaxzticn processes in cr3t-
doped 1laser crystals; (5) The characterization of the pumping
dynamics and lasing properties of Ho** in Ba¥Yb,Fg; and (6) The
characterization of the pumping dynamics and lasing properties of

several Nd3t-doped crystals.
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L IN'I'"'RODUCTITON

Optical technology has emerged as a vitally important area
for research and development related to military applications.
This technology has made important contributions to the
dovelopment of "smart weapons'", communications, surveillance, and
display systems. The basis of this technology is optical devices
such as laser sources, light modulation devices (fregquency,
intensity, direction, etc.), light guides (fibers, waveguides,
ot ), and detectors. All-solid-state systems have the advantage
of ruggedness for field operation. However, the development of
these systems is currently limited by the lack of availability of
materinls with the optimum device operational parameters. The
iqoal of this research project was to enhance our understanding of
the fundamental physical processes in optical materials relevant
to device operation. only through an understanding of these
mocesses will it be possible to design optical devices with
medictable operational characteristics.

This research focused on laser sources and nonlinear optical
materiale for modulating laser beams. The physical processes of
intereat are those affecting the pumping dynamics of solid state
tacers and those contributing to the formation of transient and
permanent holographic gratings in nonlinear optical materials.
The materials of interest included rare earth- and chromium-doped
Inaer crystals, rare earth-doped glasses, and potassium niobate.
l.aser spectroscopy techniques were used to characterize the
properties of these materials. These techniques included four-

wave mixing, picosecond pulse-probe measurements, and time-




resolved site-selection spectroscopy, as well as laser-pumped-
laser measurements.

The project was divided into three thrust areas according
the type of materials being investigated: rare eath-doped laser
crystals; chromium-doped laser crystals; and photorefractive
crystals and glasses. The important results obtained during the
three years of this contract are briefly outlined in this section

and presented in detail in the remainder of the report.

T.1 SUMMARY OF RESEARCH ACCOMPLISHMENTS

The first research area of this contract focused on rare

earth-doped laser materials. This work involved two types of
projects: characterizing Nd-doped 1laser materials and
characterizing Ho-doped laser materials. Using a tunable

alexandrite laser as an excitation source to simulate diode laser
pumping, the lasing properties of Nd3* were studied as a function
of pump wavelength. The lasing threshold and slope efficiency
were measured as well as the spectral, spatial, and temporal
beam properties. It was found that excited state absorption of
pump photons plays a critical role in determining the lasing
properties of a material excited by monochromatic pumping. In
addition, the spectroscopic and 1lasing properties were
characterized for Nd3%' in several host crystals with potential
for diode laser pumping. These included Ba,MgGe,0,, Ba,Zn,Ge,0,,
and LajLu,Ga;0;,. A comprehensive study was made of the spectral
dynamics and lasing properties of Ho3%t in BaYb,Fg crystals. Time-
resolved site-selection spectroscopy measurements were used to

characterize the energy transfer and upconversion processes that




tead to channel switching of the laser output.

The~ second research area involves vibronic laser materials
based on chromium ions. The most importzat project in this area
invoived the continuation of our use of four-wave mixing (FWM) to
characterize the spectral dynamics of a series of Cr3+-doped
laser crystals. This has provided an understanding of the origin
of FWM signal in these materials and demonstrated how the
3+

polarizability change of the optically-pumped Cr ions can cause

"population lensing" of laser beams passing through the sample.
In addition, the dynamics of energy transfer among the cr3t ions
was characterized for different types of laser crystals and found
to depend significantly on the concentration and distribution of
dopant jons as wcll as the intrinsic properties of the host
material. Information was also obtained on the radiationless
relaxation processes involved in pumping these materials. All of
this information is relevant to understanding the operation of
these materials as solid state lasers. FWM experiments were also
performed on a Cr-doped glass ceramic and the results compared to
those obtained on Cr-doped crystals.

The third research area focused on the characterization of
photorefractive materials for nonlinear optical applications.
Two classes of materials were studied: displacive ferroelectrics
represented by KNbO; crystals and rare earth doped glasses. The
studies of laser-induced holographic gratings in rare earth doped
aglass focused on trying to enhance our understanding of the
physical mechanism responsible for this effect. A theoretical

model was developed based on a two-level system associated with

the structural environment of the rare earth ion. This model was




applied to interpret experimental results obtained on a series of
silicate glasses with different monovalent alkali modifier ions
and a series of silicate glasses with different divalent alkaline
modifier ions. This work has lead to an increased understanding
of this phenomena and how to alter the material composition in
order to maximize the effect. In addition, applications for
optical storage, frequency demultiplexing, and laser beam
modulation were demonstrated. A comprehensive study was made of
the nonlinear optical properties of undoped and doped KNbO; since
it has the highest photorefractive figure of merit for any
material of its class. Using c.w. laser techniques, the
properties of photorefractive beam coupling, four-wave mixing,
and the dynamics of holographic grating formation and decay were
studied. In addition, picosecond pulse-probe techniques were
used to investigate the fast nonlinear optical response of this
material. The results of this study provide a thorough
understanding of the nonlinear optical properties of this
material. Of special interest is the fast conjugate signal
observed on the picosecond time scale. A model was developed
that attributed this fast response to stimulated scattering from

a niobium hopping mode.

1.2 PUBLICATIONS AND PERSONNEL

The work performed during the three years of this contract
resulted in 21 publications, three doctoral theses, two masters
theses, and numerous unpublished presentations and colloquia.
These are listed in Table I.

The personnel making major contributions to this research




include the principal investigator, Richard C. Powell, and
several visiting scientists and graduate students. The visiting
ascientists were:
br. Frederic M. Durville, CNRS, Lyon, France:
Dr. Mahendra G. Jani, OSU Post-Doctoral Research Associate;
brof. Dhiraj K. Sardar, University of Texas, San Antonio;
bProf . Bahaeddin Jassemnejad, Central State University, OK:

bhr. Roger J. Reeves, University of Christ’s cChurch,
New Zeland;

br. Andrzej Suchocki, Polish Academy of Sciences, Poland.
The graduate students support by this contract include G.J.
ouarles, G.D. Gilliland, E.G. Behrens, M.L. Kliewer, James D.
Allen, Michael J. Ferry, V.A. French, F.M. Hashmi, and K.W. Ver
Steedqg, Gilliland, Behrens and Kliewer all three received their
doctoral degrees from this research. They are now working at IBM
Watson Research Laboratories, Fibercek, and Schwartz Electro
optics, respectively. Allen and Ferry received their masters
degrees from this research and are working at Texas Instruments
and the Arm; Center for Night Vision and Electro-Optics,
respectively. The other three students are continuing their
graduate studies for their doctoral degrees here at Oklahoma
State University.

[t is a pleasure to acknowledge the collaboration with a
number of colleagues. Important contributions to this research
were made by:

Prof. Georges Boulon, University of Lyon, France;

Mr. Douglas H. Blackburn, NIST;

Dr. David C. Cranmer, NIST;




Mr.

Dr.

Dr.

Dr.

Dr.

Pr.

Greq J. Mizell, Virgo Optics;

Leon Esterowitz, Naval Research Laboratory:;

Toomas H. Allik, Science Applications International;
M.R. Kokta, Union Carbide Corp.;

Shui Lai, Allied Signal;

Donald F. Heller, Allied Signal;

Firally, this work benefited greatly from collaboration with

11.5. Army personnel. Dr. Al Pinto and his group at CNVEO worked

losely with us on several of these projects and provided an

important degree of relaza2vance to this fundamental research

program,

10




TABLE I

THESES, PUBLICATIONS, AND PRESENTATIONS

THESES

"Properties and Applications of Laser Induced Gratings in Rare
Farth Doped Glasses", E.G. Behrens, Ph.D Thesis, Oklahoma State
Iniversity, July 1989.

"Spectral Dynamics of Two Frequency Agile Laser Materials:
Alexandrite and BaYb,F :Ho3+", G.D. Gilliland, Ph.D Thesis,
Oklahoma State University, May 1988.

"Investigation of the Dynamics of Solid State Laser Crystals",
M.IL.. Kliewer, Ph.D. Thesis, Oklahoma State University, December
1989,

"Spectroscopic and Laser Properties of NdA:BMAG", M.J. Ferry, M.S.
Thesis, Oklahoma State University, August 1989.

"Optical Spectroscopy in Li4Ge5012:Mn4+ and the Photorefractive
Fffect in Bi,,Si0,4", J.D. Allen, M.S. Thesis, Oklahoma State
Imiversity, ecem er 1988.
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PUBLICATIONS

.. Gilliland, Richard C. Powell, and Leon Esterowitz, "Spectral
and Up-Conversion Dynamics and_Their Relationship to the
laser Properties of BaYb,Fg:Ho3*", Phys. Rev. B 38, 9958
(1988).

M.l.. Kliewer and R.C. Powell, "Excited State Absorption of Pump
Radiation as a Loss Mechanism in Solid-State Lasers", IEEE
J. Quant. Electron. 25, 1850 (1989).

T.H. Allik, S.A. Stewart, D.K. Sardar, G.J. Quarles, R.C. Powell,
C.A. Morrison, G.A. Turner, M.R. Kokta, W.W. Hovis, and A.A,.
Pinto "Preparation, Structure, and Spectroscopic Properties
of Na’':(La 1-xPUylqglluy yGay]ZGa3O12 Crystals", Phys. Rev.
B. 37, 9129 (1988)

M..J. Ferry, M.L. Kliewer, R.J. Reeves, R.C. Powell, and T.H.
Allik, "Site-Selection Spectroscopy, Energy Transfer, and
Laser Emission in Na>* -Doped Ba,MgGe,O,", J. Appl. Phys. 68,
6372 (1990).

+.H. Allik, M.J. Ferry, R.J. Reeves, R.C. Powell, W.W. Hovis,
D.p. caffey, R.A. Utano, L. Merkle, and C.F. Campana,
"Crystalloqraphy3 Spectroscopic Analysis, and Lasing
Properties of Na°*:Ba,znGe,0,", J. Opt. Soc. Am. B 7, 1190,
(1990).
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.D.

J.

.G.

Powell and M.L. Kliewer, "Investigation of Pumping Dynamics
in Rare Earth Doped Solid State Laser Materials", in SPIE
Proc. Vol. 1062, "Laser Applications in Meteorology and
Earth and Atmospheric Remote Sensing", ed. M.M. Sokoloski
(SPIE, Bellingham, 1989), p. 65.
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D.F. Heller, "Laser-Induced Grating Spectroscopy of
Alexandrite Crystals",Phys. Rev B 38, 6227 (1988).

Quarles, A. Suchocki, R.C. Powell, and S. Lai, "Optical
Spectroscopy and Four-Wave Mixing in Emerald", Phys. Rev. B
38, 9996 (1988).

Durville, R.C. Powell, G. Boulon3 and B. Champagnon, "Four-
Wave Mixing Spectroscopy of a Cr +—Doped Transparent Glass
Ceramic", Phys. Rev. B 37, 1435 (1988).

Suchocki and R.C. Powell, "Laser-Induced Grating Spectroscopy

of Cr3+—Doped Gd;Gag0,, and Gd;Sc,;Ga;0, Crystals", Chenmn.
Phys. 128, 59 (1988?.

Hashmi, K.W. Ver Steeg, F. Durville, R.C. Powell, and G.
Boulon, "Four-Wave Mixing Spectroscopy of Cr-Doped Garnet
Crystals", Phys. Rev. B 42, 3818 (1990).

Powell, "Four-Wave Mixing Spectroscopy of Transition
Flements in Solids", in "Proc. Int. School on Excited States
of Transition Elements", eds. B. Jezowska-Trzebiatowska, J.
l.egendziewicz, and W. Strek, (World Scientific, Singapore,
1989), p. 452.

Powell, "Spectroscopy of Chromium Doped Tunable Laser
Materials", in "Proc. of the Topical Meeting on Laser
Materials and Laser Spectroscopy", eds. Wang Zhijiang and
Zzhang Zhiming, (World Scientific, Singapore, 1989), p. 6.

Behrens, R.C. Durville, R.C. Powell, and D.H. Blackburn,
"properties of Laser-Induced Gratings in Eu-Doped Glasses",
Phys. Rev. B 39, 6076 (1989).

Behrens, R.C. Powell, and D.H. Blackburn, _"Characteristics
of Laser-Induced Gratings in pr3*- and Eu3+—Doped Silicate
Glasses", J. Opt. Soc. Am. B 7, 1437 (1990).

Behrens, R.C. Powell, and D.H. Blackburn, "Optical
Applications of Laser-Induced Gratings in Eu Doped Glasses",
Appl. Opt. 29, 1619 (1990).

French, R.C. Powell, D.H. Blackburn, and D.C. Cranmer,

"Refractive Index Gratings in Rare-Earth-Doped Alkaline
Earth Glasses", J. Appl. Phys. 69, 913 (1991).
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IrIT. SPECTRAIL, DYNAMICS OF
RARE EARTH LASER CRYSTALS

The following five manuscripts present details of the
results obtained on several rare earth doped laser crystals. The
first involves a Ho>% laser in a fluoride host. Holmium lasers
are becoming very important for near infrared laser applications.
Because of weak absorption transitions, it is best to sensitize
the holmium ions with energy transfer from other ions. This
study extensively documents the details of the spectral dynamics
of host-sensitized pumping in a fluoride host. It is the nrost
extensive investigation that has been reported on a laser
material of this class and the results provide a model for
predicting the properties of other sensitized holmium lasers.

The next four papers document the properties of Na3*t

-doped
laser crystals. The first paper focuses on problems associated
with the excited state absorption of pump photons that can occur
with monochromatic pumping. This is important for diode laser-
pumped solid state lasers which is emerging as a very important
class of lasers. The results show how important it is to select
exactly the right wavelength for the diode laser pump source for
maximum pumping efficiency. The other papers document the
spectral and lasing properties of Nd3* in three different crystal
hosts. This work is part of a survey we are doing to identify
host materials for Nd3* lasers with enhanced absorption
properties for diode laser pumping and with enhanced properties
for Q-switching. The results demonstrate how the spectral
properties change for different hosts and help provide a data

base for the choice of the best host for a specific system.
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Spectral and up-conversion dynamics and their relationship
to the laser properties of BaYb,Fyz:Ho**
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The optical spectroscopic properties, energy transfer, up-conversion transitions, and lasing dy-
namics of BaYb,Fg;:Ho’ " crystals are reported here. The positions of the various Stark components
of the different J manifolds of Ho’* are identified, and the branching ratios and radiative decay
rates were calculated for the Ho’* levels from the Judd-Ofelt theory. The Huorescence-decay kinet-
ics of the Ho®* emission originating on the ’Fy and °S,,’F, levels and of the Yb’* emission were
measured and analyzed with two energy-transfer theories. These calculations show that the Ho'" -
Yb’* interaction is greater for ions initially in the *F level and that the diffusion of excitation ener-

gy among Yb'' ions is a thermally assisted incoherent hopping process with a diffusion constant of

1.1 107" em?/sec at 300 K. The kinetics of the up-conversion processes were modeled with rate
equations. [t was necessary to include the effects of stimulated emission at 551.5 nm and three suc-
cessive energy transfers from Yb’' to Ho’* 1o adequately describe the spectral dynamics of the up-
conversion. The efficiencies of the different laser transitions were found to be dependent upon the
pump power used. The output of the shorter-wavelength transition (0.55 um) increases at the ex-
pense of the longer-wavelength transition (2.9 um) as the pump power is increased. The 2.9-um
faser action was found to have a 15% energy conversion efficiency and a slope efficiency of 4.5%
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when pumped at 1.047 um.

I. INTRODUCTION

The phenomenon of “frequency up-conversion,” the
conversion of infrared light to visible light, has been ex-
tensively studied in systems containing rare-earth ions,
and up-conversion pumping of rare-earth laser systems
has been demonstrated.'~'* This can be an important
technique for switching lasing channels. Important fac-
tors in the choice of a host material which affect the

been analyzed and related to the stimulated emission at
2.9,2.0, and 0.55 um.

. EXPERIMENT

The sample used for this investigation was a single
crystal of BaYb,F; containing 7.0 at. % Ho’' jons
(9.0x10* em™?) and 93 at. % Yb>* ions (1.2, 102

efficiency of emission for this type of the up-conversion 30F

process are the ability of the host material to accept a " 3“6
large concentration of the optically active ions, and weak i — £ 5(:4
electron-phonon interaction so the radiative rates for the 25 X5 !

visible emitting states of the activator ion are large in 1t

comparison to the nonradiative rates.'>!® = i

It 1s well known that holmium ions can produce stimu- Azon- 1 5 5,
lated emission at several wavelengths in the infrared por- "-E X Y 2
tion of the spectrum [2.4,° 2.0,>* and 2.9 um (Refs. 5 and 3] 2 | s
6)] and also in the green region.” When co-doped with yt- mo 15F = 1 5
terbium, holmium can also convert infrared radiation < ! i 085 o
into green emussion efficiently enough for stimulated 2 . —r
emission to oceur.'? W 10t f5r2 ' 5,

In this paper we report the results of an extensive : s
investigation of the spectral, energy-transfer, up- : Ay 2'9;"'
conversion, and lasing properties of BaYb,Fy:Ho* crys- 5t | Po . "7
tals. The energy levels und some of the relevant transi- : { 20 m
tons for Ho’* and Yb?* are shown in Fig. I. The results ! 5 ; 5
of measurements of the absorption and emission spectra - 3+ a2 'a
at various temperatures as well as the results of a Judd- Yb H03+
Ofelt analysis'>=" 2% are presented. The important FIG. 1. Energy levels and model for up-conversion ot -
features of two different up-conversion processes have frared light.
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b had o diameter of 5.0 mm and a length of 7.0
mim.  The host crystal has the same structure as
Balon b wineh crystallizes in the monoclinic syngony
with two molecules per unit cell.’ The space group
is Cu 10,00 7 with Jattice parameters a =6.894 A
h 1053 A, Z=4.346 A, and $=99°18".2" The Yb'*
tons sitan a site of cightfold coordination with F antons
and form a slightly distorted Thomson cube.?® The Ho'™
ions substitute for the Yb** jons. The host crystal is a
single-center system, and the low symmetry of this site
imphes that all degeneracy in the electronic energy levels
is removed except Krameis's degeneracy.?®

The absorption and fluorescence spectra were obtained
with  standard  spectroscopic  equipment. For time-
resolved energy-transfer studies, the excitation was pro-
vided by a nitrogen-laser-pumped dye laser with either
Coumarin-340A or DCM dyes. For stimulated-emission
measurements, the primary output from a passively
mode-locked Nd:YAG (YAG denotes yttrium aluminum
garnet! laser having a pulse width of 50 psec was used to
pump the sample. The laser-performance measurements
at 2.9 gm were done using the primary output of a
Nd:YLF (YLF denotes yttrium lithium fluoride) laser at
1.047 yrm with a 60-psec pulse width as a pump source.

1
crr

HEL ABSORPTION AND EMISSION SPECTRA

Figure 2 shows the various regions of the absorption
spectrum at 12 K. The spectrum is characterized by
sharp lines in the visible region due to transitions within
the 4" configuration of the Ho’* ions, a broadband
with structure in the nearinfrared due to the *F, ,,-2F; ,
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transition of the Yb'* jons, and several absorption bands
between 1.1 and 2.0 gm due to transitions to the fower-
lying encrgy levels of the Ho't ions. Figures 3lar— 3
show the spectra of the visible and infrared emission of
Ho'* ions and the near-infrared emission of Ybh'* ions at
12 K. Figure 3ti) shows the 2.8-um emission of o'’ at
room temperature since it was too weak to detect at 12
K. The additional lines in the spectra at higher tempera-
tures are due to absorption from the thermally populated
higher Stark components of the °f; ground-state muiti-
plet of Ho®*.

A comparison of the emission spectrum of Yb** at 12
K shown in Fig. 3(f) with the absorption spectrum at 12
K shown in Fig. 2(b) demonstrates that both have the
same general shape. From this we conclude that the
splitting of the ground-state manifold *F, , of the Yb'"
ions is about 760 cm~'. In C,, point-group symmetry
each J manifold of Ho’* is split by the crystal field into
2J +1 non-Kramers levels, while each J manifold of
Yb’* is split into J +1 Kramers doublets. The crystal-
field levels of Ho’* have been identified from the absorp-
tion and emission spectra of BaYb,FgHo’* and are
shown in Table . It was impossible to identify the
crystal-field levels of Yb** due to the lack of resolution of
the broad, overlapping levels.

The Judd-Ofelt theory*®?' was applied to the room-
temperature absorption spectrum of this sample to deter-
mine the radiative decay rates and branching ratios of the
transitions. The oscillator strength of a transition ol
average frequency v from a level J to the level J' is ex-
pressed as

120 Y T v Y ~T Y 225 ™ v Y —— Y Y
<90y @ _180F b 4
E “
2]
= Sqask 4
¥ eof 1 3
Q0F 4
3‘0 - -
L/ bI%J—_——- 45F p
— i A wi j — s PR y L 4 ath—
200 400 600 800 900 920 940 960
A {nm) A {am)
18 T -y T T ",
W
L 4

J .

¥:d 4
. & - 2 3 I M—(JA ek
1125 135 1145 1860 1880 1900 1920
A (nm) A (nm)

FI1G. 2. Ahsorption spectra of BaYb,Fo:Ho'* at 12 K. (a) Transitions to the I and higher levels of Ho

Y1 th) transitions to the

Fo . levels of Yb'': (c) transitions to the *f, levels of Ho'*; (d) transitions to the I levels of Ho'*.
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flad ;b)) =8 m) /[3h(2) + 1)e?]
X [Septad ;00 ) +Syplal; b)), n

where the electric-dipole and magnetic-dipole line

strengths are

Sppnlad ;b =er 3 QN INUNITY )R, Ra)

t =146

~ TABLE 1. Energy levels of Ho'* ions in BaYb,F,.

Energy Energy
fem™ ") {em~"
I 0 SFs 15506
3 15538
45 15545
75 15586
78 15630
115 15662
125 15696
141 15701
155 15703
173 15713
205 15715
243 S,.'F, 18515
255 18 549
270 18 560
317 18 608
360 18 622
1. 5166 18 660
5175 18 681
5178 18 695
5181 18702
5187 18713
5198 18718
5200 18723
5204 . 18 730
5222 18755
5254 'Fy 20602
5284 20619
5361 200648
5364 20683
. 8673 20734
8703 20747
8713 20777
8716 ‘H, 27563
8719 27609
3731 27655
8736 27732
8764 27778
8767 27840
3773 27871
$77 27933
8910 28011
I, 13221 28 121
13257 28329
13 348 28450
13364
13171
13378
‘I, 13380
13416
13514
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Syptad ;b ) =[(eh?)/(4mc?)]
x | (S INL 28790 |2, (2b)

respectively. Here, a and b represent the other quantum
numbers designating the states, /" represents the elec- @
tronic configuration, U is the tensor operator for
electric-dipole transitions, L +2S is the operator for
magnetic-dipole transitions, and (), are the phenomeno-
logical parameters associated with the crystal-field envi-
ronment of the ion in the host. The reduced matrix elé-
ments in Eqgs. (2a) and (2b) have been calculated else- P
where?>?" and are essentially invariant from host to host.
The oscillator strength of a transition can be calculated
from the absorption spectrum at room temperature using
the equation

f=tmen®)/(me®NY) [ a(vidv (3)
®

where m and e are the mass and charge of the electron, ¢
is the speed of light, N is the concentration of absorbing
centers, and fa(v)dv is the integrated absorption cross
section. Y is the correction term for the effective field in
the crystal and is approximated by Xgp=n(n1>+2)2/9 for
electric-dipole transitions and Xyp=n’ for magnetic- @
dipole transitions where n is the refractive index of the
host. Measurements of the dispersion curves have not
been performed on the host at this time. A value of
n =1.6 was used, which is similar to values of the index
of refraction for other fluoride materials. It was found
that varying n over a reasonable range of values did not
significantly alter the results of the Judd-Ofelt analysis.

By combining Egs. (1)-(3) and using the reduced ma-
trix elements calculated by Weber? for Ho'*, the phe-
nomenological parameters ), were determined from a
least-squares fit to the absorption spectrum. These were
found to be Q,=0.96x10"% cm?, Q,=2.12x 10" cm".
and Q=3.25x10"% cm? Using these results, the
spontaneous-emission probability can be obtained for
each transition from

Alad;bJ"y=(647*) /[ 3(2J + Dhe?]

X (XepSen FXupSup) - S 3

The radiative lifetimes and branching ratios can be deter-
mined by

TRi=3 AU, ()
J

Bli, jY= A, j)/Tr; + @

where the summation is over transitions to final states ;.
The results of this analysis are summarized in Table 11
and are estimated to have an accuracy of + [0z,

IV. ENERGY-TRANSFER PROCESSES ®

Many theories have been developed to describe energy
migration and transfer between ions. Each of these
theories is limited to a specific range of parameters for
which it is valid.”® =% The results obtained in this work
are analyzed with two models which are valid fo@
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TABLE II. Radiative decay rates and branching ratios for Ho’* transitions in BaYb,Fy:Ho’*

crystals.*
Initial Terminal
level level A, ) (sec™h Bl ) TR
I 1y 120.44 1.00 8.3 msec
51, e 25.87 0.09 3.5 msec
1y 262.63 0.91
U8 I, 7.32 0.035 4.7 msec
e 122.15 0.579
My 81.50 0.386
’l, 5 4.52 0.044 9.7 msec
1, 38.77 0.376
* 49.65 0.481
T4 10.30 0.099
°F T, 0.055 2.43x10°° 422 usec
5] 8.31 0.0037
T, 110.48 0.049
e 429.39 0.190
3y 1818.20 0.757
’S,,°F, SF 2.13 0.0004 190 usec
I, 48.70 0.009
5 146.70 0.028
51, 283.67 0.054
5, 800.35 0.152
T 3981.90 0.756

10, =096X 10" em% 0, =2.12x 10" em?; Q,=3.25x 10" P cm’.

different circumstances. The Ho’*-Yb?* energy transfer
is consistent with a single-step process while the Yb’*-
Ho’ ™ energy transfer is consistent with a model in which
energy transfer between sensitizer and activator ions acts
as a4 weak perturbation on the strong diffusion among
sensitizers.

The typical ion-ion interaction mechanisms involving
rare-carth fons are the electric multipolar mecha-
nisms. 7" The strength of the interaction depends on
the distance between sensitizer and activator ions as R 77,
where s =6, 8, or 10 for dipole-dipole, dipole-quadrupole,
and quadrupole-quadrupole interactions, respectively.
Inokuti and Hirayama have derived an expression for the
time dependence of the sensitizer fluorescence in the pres-
ence of energy transfer to randomly distributed activator
ions,™*

ity=Aexp[—t/r—=T(1=3/51C/C,(t/7)"?], (7

where 7 i1s the intrinsic lifetime of the sensitizer in the ab-
sence of activator ions, C is the concentration of activa-
tors, C, is called the “critical transfer concentration,” I
is the gamma function, and . is a normalization con-
stant. The critical transfer distance R, can be deter-
mined from C,, by "'

R,=13/47Cy1' "7 . (8)
A. Ho’'-Yb’* energy transfer

As a first approximation, we assume that the excitation
energy residing on the Ho'* ions does not migrate be-
tween Ho’ * 10ns, but is capable of being transferred to

‘b** jons. Thus for this case the Ho’ ' ions play the role

of sensitizer ions while Yb>* ions play the role of activa-
tor ions. Justification for the assumption of no Ho’'-
Ho®* interaction is based on the relative concentrations
of sensitizer and activator ions. Because Yb'' is a
stoichiometric component of BaYb,F; and there are ap-
proximately ten Yb’' ions for every Ho'" ion. the
nearest-neighbor environment of optically active 1ons sur-
rounding the Ho'" ions consists almost completely of
Yb>* ions (assuming no clustering of Ho®* ions). The
Ho’*-Yb** energy transfer can involve two sets of
electronic-emission transitions, °S,,°F, —'I,  and
SFy—°I;, which are both resonant with the *F, , -+*F ,
absorption transition of Yb’*. Therefore, the branching
ratios for each of these transitions need to be considered
to determine the effects of competing processes. I the
Ho’*-Ho’* interaction is present, it will involve resonant
emission and absorption transitions between the excited
state, °S,,’F, or °Fs, and the ground state, I, of Ho'".
By assuming only nearest-neighbor interactions and using
the branching ratios listed in Table II, we estimate that
the Ho’*-Yb’* interaction is 3.3 times more probable
than the Ho'*-Ho’* interaction for ions in the "F¢ state
of Ho’* (see Fig. 4), and in the case of ions in the °S,,°F,
states it 1s 1.1 times as probable. For randomly distribut-
ed Ho’* ions the Ho'* -Ho®* interaction would be over
distances much greater than nearest-neighbor separations
and thus the interaction strength will be significantly less
than the estimates given above. Therefore, the Ho'"
Yb’* interaction strength is greater than the Ho'' -Ho!
interaction strength, and as a lirst approximation, the
theory of Inokuti and Hirayama can be used to charac-
terize this case.

'
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FIG. 4. Comparison of the absorption spectra at 12 and 200
K for the *Folevel of Ho' "

{'o characterize the energy-transfer processes, the ki-
netres of the fluorescence transitions between the initially
excited states and the ground state of the Ho’* ions was
montored. The fuorescence decay from the *S,, F, lev-
cls of Hlo'" was measured by monitoring the transitions
rermnating on the ground state at several temperatures

vanging from 12 to 300 K. Figure 5 shows the decay of

the Muorescence intensity at 12 K along with least-
squares fits to the data using Eq. (7) for different multipo-
tar interactions. The best fit for all temperatures is for
the dipole-dipole interaction. The decay curves are all
clearly nonexponential at short times for all temperatures
and tend asymptotically toward an exponential at long
times. The intrinsic decay rate of the Ho'* ions was
determined from the exponential part of the decay curves
approached at long times. The theoretical curves gen-

100 Y Y T Y T

T
Al 2 2 4.2

50

—
o

I (arb. units)

o
[%1)

O1——%6—"120 ~ 80 249 270
t (usec)

FIG 5. 'S, F, emission at 12 K (dots), along with theoreti-
cal fits from Inokuti-Hirayama theory (5 =6, solid line; s =8,
short-dashed line; s =10, long-dashed line).
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erated from Eq. (7) were fitted to the data by treating
C/C, as an adjusiable parameter for each type of in-
teraction (s =6, 8, or 10), and values for R, were deter-
mined using Eq. {8). The temperature dependence of R,
for these initial conditions is plotted in Fig. 6.

The coupling between the Ho'* and Yb’* jons with
the former initially in the *F state was also investigated
using Eq. (7) to fit the fluorescence-decay curves. The in-
trinsic decay rate in this case was again determined from
the exponential tail of the decay kinetics and was found
to be in substantial agreement with the measured value
obtained in a sample of BaY,F:Ho'* which contans no
Yb'*.?* The interaction mechanism in this case was
again found to be electric-dipole~dipole. However, the
strength of the interaction, as well as 1ts temperature
dependence, 1s different. The strength of the interaction,
which is reflected in the magnitude of the cnitical interac-
tion distance R, is shown as a function of temperature n
Fig. 6.

Examination of Fig. 6 shows that the interaction
strength between Ho'* and Yb' " ions s slightly greater
when the Ho'* ions are in the ‘F¢ excited state than

when they are in the 'S.. F, excited state. The value of

R, for the former case is close to the nearest-nerghbor
distance between Ho'* and Yb'" ions, which 15 approvi-
mately 2.7 A, whereas the value of R, s shighthy smaller
than this for ions in the °S,,%%, states. If the 1o
are directly excited, the temperature dependence of the
interaction strength can affect the temperature depen-
dence of the integrated fluorescence intensity of the Yb '
ions. Figure 7 shows the temperature dependence of the
integrated fluorescence intensity at 1.0 um due to Yh '~
emission after two types of excitation. After pumping the
SF state of Ho®*, the interaction strength is independent
of temperature and the Yb'® fuorescence decreases
monotonically with temperature due to some quenching
mechanism in the Yb'* ion, possibly energy transfer to
the °I, state of Ho' . The situation is quite different in
the case of excitation into the °S,,°F, states of Ho'"
The temperature dependence of the Yb'" emission for
this case increases to a maximum at approximately 50 K
and then decreases. The interaction strength depicted in

LIRERAY

100 200

T (K)

FIG 6. Temperature dependence of R, for *F. and 'S..'F,
states calculated from Inokuti-Hirayama theory.
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siontor Foand 'S, F excitation.

Fig. 6 shows the same type of temperature dependence
tor this excitation. Thus the increase in the fluorescence
mtensity at 1.0 gm up to 30 K 1s due to the increase 1n
the interaction strength between the Ho’* and Yb'~
wns, and the decrease n the Auorescence intensity cbove
30 K s due to both the decrease in the interaction
strength and the quenching of the Yb'* emission men-
toned ahove.

B. Yb’'-Ho'* energy transfer

Because of the large concentration of Yb'™ jo.s, 93
at.' . when the Yb'" 1ons play the role of sensitizers the
muitistep ditfusion among sensiizers s dominant over
the sigle-step Jdirect transter from an excited Yb'© jon
to an unexated Ho © ons For weak dittusion the theory

of Yohota and Tammoto describes the energy-

wootr=47Dan [l ~ar =Dra 1]+:4m1‘uw

—87n,u f C(Ir'(z/r;v;crt'c[wr —ui v 4Dy

Hereo aoas the activator trapping radius, and the lower
Iimiaes of the integrals do not extend to zero due to the
hntte nearest-netghbor distance hetween the sensitizer
and activators, The refation between a and R, s

in

T \ 12

where = s the intrinsic decay time of the sensitizer. The
intezrals appearing in Eq. 111+ were evaluated numerical-
Iy the sensitizer-activator interaction constant
ditfusion coefficient P, and trapping radius g were deter-
mined by performing a nonhinear least-squares fit to the
data. The mtnnsic decay tine of the “Fo, Yb'© emis-
ston has been deternuned previously to be 1.8 msee,’™ in-

and o,
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transfer kinetics, while for strong diffusion the theory
developed by Chow and Powell?® gives the appropriate
description. Both theories were fitted to the data ob-
tained heie and it was found that the parameters describ-
ing the energy transfer are consistent with the strong-
diffusion model.

The equation governing the excited sensitizer concen-
tration n (r,t)is>®

Anirt)

o =-ﬁn(r,tH-DVzn(r,l)—zu(r——R,m(r,u.

v
Here, 3 is the intrinsic decay rate of the sensitizer ions, D
is the diffusion coefficient describing the energy migration
among the sensitizer ions, R, is the position vector for a
given activator ion, r is the position vector for the sensi-
tizer 1ons, and v (r —R,) is the interaction strength for a
given sensitizer-activator pair. The second term on the
right-hand side of Eq. (9} describes diffusion among the
sensitizers, while the third term describes the sensiti-er-
activator nteraction. The solution of Eq. 9) was ob-
tained by Chow and Powell for a dipole-dipole interac-
tion, where vir —R i=a/ir—-R, " which is weaker
than energy transfer by diffusive migration. The solution
of Eq. 19 was then averaged over a uniformly random ac-
tivator distribution.  Most theortes, including this one,
assume a uniformly distributed lattice of sensitizers, sv
that a single average hopping time can be used to de-
scribe the random walk of the excitation energy, “exci-
ton.”” This siuation should be valid for the “host-
sensitized’ energy transter i this crvstal.
The intensity of sensitizer fluorescence given by Chow
and Powell is*”

I(th=Aexp[ -t/r—w ], o
where the energy-transter rate is given by
\,uzf dric/r®Merfe[tr —ar/v 4Dt ]+
1

dependent of temperature. For each set of data the valid-
ity of the Chow-Powell theory was examined. The das-
sumptions made in deriving Eq. 10} lead to the condi-
tion*’ 7Da*a "' 1. This restriction was found to be val-
id for every set of data examined, typically giving a value
of 31.8 for the left-hand side of the mnequality. An exam-
ple of the best fit to the decay kinetics of Ybh'
at 12 K s shown in Fig. 8.

The temperature dependencies of the ditfusion constant
D and sensitizer-activator interaction strength « obtained

CImission

from the Chow-Powell theory are shown in Fig. 9. The

ditffusion constant inereases with  temperature and s
[ ki ye . I

1< 10 " em?/sec at one. The long hifetnie of 1, 4

msec, ensures that there 1s sutficient population e this
state for the resonant cross-relaxation process from Yb'

L - N
to Ho' ™ to occur on the time scale of the Yb'° emission.
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[ FIG. 9. Temperature dependence of diffusion constant and
- 1 sensitizer-activator interaction strength calculated from Chow-
Powell theory (solid line is theoretical fit for D, dashed line just
[ shows trend of data).
0155730 195 260 325 be responsible for the up-conversion.”®!” One possible
t (psec) mechanism is the sequential absorption of two pump pho-
tons by a single ion. Another possible mechanism is the
T1G % Yb emnssion with Chow-Pawell fit tsolid line} at 12 absorption of pump photons by more than one ion with

K

V. U P-CONVERSION AND STIMULATED-EMISSION
PROCESSES

Materals containing both Yb'* and Ho’* ions can
efficiently convert 1.0-um radiation into visible radia-
pon. 7R A can be seen from the energy-level
diagram for Yb'* and Ho’* shown in Fig. 1, Ho’* has
several nearly ejually spaced energy levels giving rise to
transitions which are coincident in energy with the
*Fo . «°F.. Yb'* transition near 1.0 um. The green
emmission corresponding to the sy, F, —>[, transition of
Ho' ' 1s seen when the sample is excited with either of
two Jonger wavelengths as discussed below, but the mech-
ansin for the up-conversion in each case is different.

Lhere are several multiphoton mechanisms which can

TABLE IlI. Energy-transfer parameters.

the subsequent energy transfer to the emitting ion.”* The
following results indicate that the latter mechanism s the
dominant up-conversion mechanism responsible for the
green emission in BaYb,F.:Ho’* for both types of excita-
tion.

The kinetics of up-conversion processes can  be
modeled using rate equations. The emission from
3S,.°Fy—>I, transition of Ho®* after excitation into the
SFy level of Ho’™* state can be modeled as shown in Fig.
10. The first step in the up-conversion 300 K. The
diffusion length can be determined from

L,=12Dr""? 3

and these values are listed in Table 1. The accuracy of
these energy-transfer parameters 15 estimated to be
+10%. Figure 9 shows that the sensitizer-activator -

250 K

12 K
Ry (A) Rate at 2.7 A Ry (A) Rate at 2.7 A
(sec ™1 (sec ')
Ho'* — Yb’* transfer
Fe 26 1.3 10 2.3 4.9x10°
S 1.7 1.0« 10 2.1 RO SOE
12 K 2500 K
Yb'* —~Ho'* transfer
D =21.10 " cméssec P=15~10 " ¢m’ssec

R,=3.56 A (5-A4)
R,=10.3 A (5-S)
L,=27.5A

DI =1.55<10"" cmi/sec
B =1.10x10""" cm?/sec
AE=273¢m !

Ry=2.54 A (5-A)
Ry=13.8 A (§-5)
L, =849 A
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teraction strength has the same temperature dependence
as that calculated for the Ho*~-Yb’ " transfer from the
theory of Inokuti and Hirayama. The major difference is
that the role of the sensitizer and activator tons are re-
sersed tn these two cases. For resonant processes the in-
teraction strength is contained in the overlap integral be-
tween the sensitizer emission and activator absorption.
The magnitude of the spectral overlap changes depending
on which fon acts as sensitizer and activator due to the
energy shift for enussion for both Ho°  and Yb'* ions.
However, the variation of the spectral overlap with tem-
perature s essentially the same tor both cases.

The actual measurement was performed by pumping
the °S,.°F, states of Ho’* and monitoring the Yb’"
emission. The population of the Yb'™ excited state is
achieved by the resonant cross-relaxation process

Ho " S, F ), Yb  CF, 00
— THO "I LYW (PF ) .

Initially the population of °I is equal 1o that of the *F; ,
state of Yb'*. Therefore the energy transfer from Yh'"*
to Ho'* can take place via two types of processes. The
first is transfer to the */, state via a phonon-assisted ener-
gy transfer. The second s the resonant cross relaxation

Yb'itFg 0 Ho' Ty

1

— YbUCF. L Ho U S, R

The temperature dependence and difference in rates be-
tween resonant and nonresonant processes, calculated

below, point to the second mechanism as the dominant is
the resonant cross-relaxation process

[HO* (OF), YD (3F, )
— [HO?*(*15), YO T (*Fg 5)) .

The relative probability of this process is related to the
branching ratio for the Ho’* transition, which is listed in
Table II as 0.19. Therefore, this transition is one-tourth
as probable as the transition originating from this excited
level and terminating on the ground state. A rale-
equation analysis of the energy-transfer rate between sen-
sitizers and activators, when two energy levels are taken
to characterize these ions, gives a relationship between
the energy-transfer rate and the risetime of the activator
emission*’

toax =Py —PL—Pg )" In[ P /(PL+P")] (14)

where P/, and Pg are the radiative rates of the sensitizer
and activator, respectively, and P, is the energy-transfer
rate. The Yb’* emission has a risetime of 4 usec for this
excitation which implies that the Ho’"-Yb’" transfer
occurs with a rate of 1.5 10° sec ™!, Thus this first step
in the up-conversion process also explains the observed
Yb** emission. The second step in the up-conversion
process can proceed by one of two mechanisms. The first
is a resonant cross-relaxation between two Ho' ' ions,

| Ho *(°F5),Ho’ *(°1,)) — | HO* *(°1 ), Ho T (*F )

and the second is the absorption of an excitation photon
by a Ho’* ion that has already participated in the first
step and is in the °/, level. The last step involves both
weak fluorescence from the *F; level followed by fast
nonradiative decay to the 'S,,*F, states and the green
emission.

If a second cross-relaxation process is responsible for
the excitation into the *F| state, then it will origmate on
the °I, level of a Ho’* ion which has already undergone
the first cross-relaxation process. The reason for this is
that the radiative lifetime of the *I, level is 9 msec while
that of the *F; level is 420 usec. If a single ion were to
absorb a photon, undergo cross relaxation, and then ab-
sorb another photon, it would require that the cross-
relaxation process be faster than the duration of the
pump pulse. This rules out the sequential two-photon
mechanism because the pulse width of the laser excitation
1s 10 nsec, and the cross-relaxation time, reflected 1n the
risetime of the “F,, Yb>* emission, is 4 ysec at 12 K.

The rate equations used to analyze the spectral dynam-
ics are

ds,

—d—l--:\’ln:(S~sl’—}';-5’1”1*/J(r"l , AREY
dn

7(/7‘:\1”3 S oospi= gy = ngn,

CYan N gy =y e - oy iy

115t
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dn, TABLE 1V. Parameters obtained from the rate-equation
0wy ) 4

di et T Ty gy =By, analyses.
=V, (S =s) 4y s n = nyn, Activator Coefficient Transfer rate
N —ny —ny—ny—ng) =By, (15¢) level fcm'/sec) {sec ™)
dn, Up-conversion of red pump light at 12 K
= =k =y, (I5d) X, (s 2.1x 107" 2.5% 10°
dt 71 in,) 3.0x 1078 3.0% 10°
dng X, (n)) 50x10°° 5.0x [Q*
“_h“= (i, =y ngdN —ny—n,—ny—ny) 7y (sg) 5.7x 1o~"® 6.8 14°
2.0x 10" sec™!
—(k+Byny (15¢)  * e

where S=s5,+s, and N=ny+n,;+n,+ny+n,. s; and
n, are the populations of the ith energy levels of the Yb>*
ions, “F,,, and *F,,, and Ho’* ionms, °Iy, °I,, °Fy, °S,,
*F,. and *F,, respectively. S and N are the total concen-
trations of Yb'* and Ho’* ions, W, is the pumping rate
for absorbing photons from the laser excitation, X,
{i =1,2) 1s the energy-transfer coefficient, y, (i =1,2) is
the back-transfer coefficient, 3, is the fluorescence-decay
rate of the *Fg,, level of Yb'", B (i=1-5) is the
fluorescence-decay rate of each Ho’* level as shown in
the figure, and « is the nonradiative-decay rate from °F,
to °5,.°F,.

These equations were solved numerically on a DEC
Micro-Vax [l microcomputer using a fourth-order
Runge-Kutta method in order to find the transient solu-
tions. A d-function excitation was assumed and the four
transfer coeflicients were treated as adjustable parame-
ters. The observed fluorescence intensity from each level
will be proportional to the population of the level. The
time evolution of the fluorescence emissions from the
*F¢, level of Yb'* and the 5S,.°F, levels of Ho’* are
shown in Fig. 11. The solid and dashed lines represent
the computer-generated least-squares fit to the data using
the theoretical model described above. The data taken at
12 K were analyzed because the *Fy emission is too weak
to detect at higher temperatures due to the increase in
the multiphonon emission rate with temperature, and the
Yb'* emission is strongest at 12 K, as shown in Fig. 7.
This analysis provides a fit of iwo sets of data with the
same set of adjustable parameters. The best-fit parame-
ters are listed in Table IV and are estimated to be accu-
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FIG 11, Decay kinetics of emission from 2F¢,, level of Yh'*

and '5,.'F, level of Ho'* at 12 K with rate-equation fits.

Up-conversion of infrared pump light at 300 K

X, (ng) 7.0x10°"® 6.3 < 10
¥, (sp) 1.0%x10°% 12.0

Xy (n)) 3axi07? 1.5 % 10
¥, (50) 14x10-"7 1.7 x 10°
X, (ny) Lox 1077 1.0 > 10°
¥y {sg) 2.0x10°"7 2.4x 10°
& 1.00 cm®/sec

b, 0.05 cm?/sec

T 10 psec

T, 10 psec

rate to £10%. The intensity of the green emission as a
function of laser-pump power is found to be almost quad-
ratic, as shown in Fig. 12. This is expected for any two-
photon process. Figure 13 shows the excitation spectra
for the green up-conversion along with the absorption
spectra in the region of the *F state of Ho’*. The exci-
tation spectra have been corrected for variations in laser
power and the penetration depth into the sample. This
shows a one-to-one correspondence with the positions of
the peaks in the absorption spectra.

The kinetics leading to the green emission from the
552,5F4 levels after excitation into the inhomogeneously
broadened *Fy , state of the Yb’* ion can be modeled as
shown in Fig. 1. The first step in the up-conversion is the
energy transfer from Yb’* to Ho’*,

| YB3+ (3F 5, HO Y (Prg)) — | YB3 H(3F, ), Ho** (°1,))

100’ v v T T Ty
50f .
E A 12K
[ =
3
.d 10" b
3 |
— 5_ ]
/
| 4
1 / U | 2
1 5 10 4 50 100
P (10°W)

FIG. 12. Power dependence of green up-conversion, obtaned
by pumping *F. and observing green emission from ‘S..F, at
12 K.
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FIG. 13. Excitation spectra for green up-conversion in the

region of *F level of Ho’* at 12 K (dashed line) along with ab-
sorption spectra in the same region at 12 K (solid line).

This is a nonresonant process and the difference in energy
15> made up by the emission of phonons. As can be seen
from the energy-level diagram, Fig. 1, the energy
mismatch is about 1700 ¢cm~'. The phonons in this ma-
terial have a maximum energy of approximately?' 450
cm ' therefore the phonon-assisted energy transfer takes
place with the emission of at least four phonons. The
back-transfer rate from Ho’* to Yb** should be smaller
than the forward-transfer rate by a factor of®
[explAE /kgT)]*, where AE is the energy of the phonons
absorbed. This difference in rates is approximately 3 or-
ders of magnitude at room temperature. The next step in
the total scheme is the resonant cross-relaxation

Yb'(1Fs,5),Ho® " (1))
— 1 YD T (3F, 5L HO T3S, F ) )

The third step, which is necessary in order to explain the
vbserved dependence of the green-emission intensity on
infrared pump power as discussed below, is also resonant.
This process is

Yb' 2R, 0, Ho TS, °Fy))
— [ YO (PF; ;) Ho T’ H ) .

[n both of these resonant processes, back-transfer cannot
be neglected. The presence of back-transfer was con-
firmed experimentally by the observation of the emission
at 1.0 pm due to Yb’~ after pumping the SSZ,SF4 and
*H, states of Ho' . The risetime for the Yh?* emission
was measured to be 15 usec at 12 K.

The rate equations for this model are

ds,
s WS —s ) =Y s{N —n,—n,—ny)
Y (S —s = Vos ny +y,n, (8 —s)
=5 na+ynytS =51 =fys, (16a)
dn
i =¥ N —n —n,—ny—yin (S -5
¢
=Yos n +y S s =Biny~bnp,,  (16b)

dn,
—=Xzsln|—Yzﬂz(S—SI)—X33|n2
dt

+73n3(5—5,)—[32n2—¢2n2p2 ' (16c)
dn,
_d—;‘leslnz‘—}’]"](s—Sl)—BJn] y (l6d)
dp,
7=¢ln;pl+ﬁlli‘—p,/‘rl , (16e)
dp,
T'—’:d’zngpg +Bny—psr/Ty (leh

where the definitions of the parameters are as described
following Eqs. (15). Here, s, and n; are the populations of
the ith energy levels of the Yb’* ions, *F,,, and *F ,,
and Ho** ions, Iy, 51(,, SS§F4, and 3II‘,, respectively.
Terms representing stimulated-emission transitions from
levels n; and n, are included in the model. Stimulated
emission from n, occurs at>® 2.9 um, and P, represents
the total number of photons at this wavelength in the
sample. ¢, represents the stimulated-emission parameter
which is related to the stimulated-emission threshold, and
7, represents losses in the sample at this wavelength.™
Stimulated emission from n, occurs at' 551.5 nm, and p.,
¢,, and T, represent the same parameters for this transi-
tion. As shown below, it is necessary to include stimulat-
ed emission at 551.5 nm in order to explain the observed
power dependence of the green up-conversion and the ob-
served lifetime shortening. The stimulated emission from
n, must be included because we have determined the
threshold for laser action at® 2.9 um to be 80 mJ corre-
sponding to a pumping rate of 4.3 10°' photons/sec.
This threshold occurs at a considerably lower pumping
rate than that used in our spectroscopic measurements
(10**~10%" photons/sec). Omission of this term will lead
to nonphysical valucs for the energy-transfer coeflicients,
tending to overestimate the forward-transter coeficients
Y,.

Figure 14 shows the power dependence of the intensity
of the green fluorescence versus the power of the intrared
pump laser. The data show the presence of saturation
effects since the slope is much less than quadratic, as is
usually expected for a two-photon process. Al a pump-
ing rate of 4.0 10%® photons/sec the slope of the curve
shows a significant increase which is due to stimulated
emission. The change in slope corresponds to the thresh-
old for this process and is consistent with the onset of the
observed lifetime shortening discussed below. This power
dependence was modeled using the rate equations given
in Egs. (16). These equations were solved numerically us-
ing the same computer procedure described above. A §-
function excitation was assumed and the transfer
coefficients Y,, Y3, v3, and the stimulated-emission pa-
rameter ¢, were treated as adjustable parameters. V) can
be estimated from the risetime of the 1.2-um emission
and v, was chosen to be approximately 3 orders of mag-
nitude smaller, as discussed earlier. Y, was chosen to be
7.0% 107" cm?/sec, agreeing with earlier estimates,'*Y’
and ¥, was chosen to be 1.0% 10" *' ¢m’/sec. Y, can be
measured by exciting Ho’* in the f'SE,SFJ levels and
measuring the nsetime of the *F;, Yb'' cmission.
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FIG. 14. Power dependence of grezn up-conversion, obtained
by pumping *F.,, level of Yb** at room temperature.

From these measurements y, was calculated to be
1.4 <10 " cm'/sec. The measured fluorescence-decay
rates were used for the transition rates. 7, and r, were
chosen to be 10 psec, the time it takes light to pass
through the sample.*’ ¢, was chosen to agree with the
threshold for the 2.9-um laser action using the equation

ny=trd) ", (7

This is obtained by defining the threshold as when the
gain terms equals the loss term in Eq. (16e). The result-
ing best fit to the data is shown as a solid line in Fig. 14.
The values for the adjustable parameters obtained from
this fit are listed in Table 1V and estimated to have an ac-
curacy of £10%.

The peak intensities of green emission plotted in Fig.
14 and in the theoretical fit were chosen at the peak of
the rise in the number of photons, p;, in the sample. This
time was about 1.5 usec for pump powers below the
threshold for stimulated emission in the green transition
and became shorter above the threshold, eventually
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FIG 15 'S, 'F, decay kinetics with rate-equation fit.

becoming limited by experimental resolution. The time
evolution of the green emission below this threshold was
also calculated from the rate equations and is shown
along with the experimentally measured data in Fig. 15.

Under the condition of low-power infrared excitation
the lifetime of the green transition is measured to be ap-
proximately 47 usec. When the excitation power is in-
creased to the threshold value of 4.0 10%® photons/sec
and above, the shape of the decay curve abruptly
changes. The short-time emission decays much faster
than at low excitation powers, and the long-time decay is
the same as for the low-power excitation. The 1/¢ vajue
of the decay curve is plotted as a function of pump power
in Fig. 16. The general shape of these data is similar to
that reported in Refs. 42 and 43 and shows a definite ex-
citation threshold. The fact that the intensity of the
green emission increases instead of decreases above this
threshold value confirms that we are observing a gain and
not a loss mechanism. The increase in intensity is a result
of the stimufated emission which causes the emission of
photons at earlier times (lifetime shortening), thereby in-
hibiting the third energy-transfer step.

The model presented here has one more energy-
transfer step than is necessary to explain the population
of the °S,,’F, states by the up-conversion mechanism.
The additional energy-transfer process to the 3H6 level
must be included in order to explain the observed power
dependence shown in Fig. 14. This level acts as a “‘sink "
for the excitation since population can accumulate in this
level or decay into levels other than n; or n, without be-
ing recycled into these metastable levels on the time scale
of the green emission. Without this additional energy
level the green-emission intensity dependence on pump
power cannot become sublinear.* In this case the model
is essentially a closed system, on the time scale of the ex-
periment, because the decay times are much longer than
the observed risetimes at which the data were taken. The
saturation behavior of the population of n, would, at

100 T T 1
¢ of ]
/‘?10.— ~
@ F 1
w >
S |
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0t——3 12 30
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FIG. 16. Decay time of *S,.*F, at room temperature as a
function of excitation power showing lifetime shortening.
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F1G. 17. Conversion efficiency of 2.9<pum laser output, pump-
ing with the 1.047-um output of a Nd:YLF laser.

best, decrease from a quadratic to a linear dependence on
pump power, and the slope could not become any smaller
without this additional level.

Figure 17 shows the laser output energy at 2.9 um as a
function of the energy input into the crystal at room tem-
perature. Laser action was achieved by end-pumping the
laser rod with a Nd:YLF laser constructed in-house. The
pump laser had a wavelength of 1.047 um and a pulse
width of 60 usec. The YLF laser was operated in the
long-pulse regime with no mode-selective elements and a
30% output coupler. Qutput energies up to 750 mJ are
obtainable from the pump laser. The 2.9-um laser cavity
consisted of a flat high reflector (greater than 99%
reflecting at 2.9 um) and a flat output coupler (approxi-
mately 90% reflecting at 2.9 um), separated by S cm. An
energy-conversion efficiency of 15% is obtained with a
slope efficiency of 4.5% and a fractional pump light ab-
sorption in the rod of 0.33 times the incident energy on
the laser rod. The threshold for 2.9-um lasing action was
found to be 80 mJ of incident pump energy. Antipenko
et ul.” have reported a conversion efficiency of 7.5% using
the 1.061-um emission from a Nd:GSGG (GSGG denotes
gadolinium scandium gallium garnet) laser as a pumping
source. The increased efficiency obtained here is a result
of the larger Yb’>* absorption coefficient at 1.047 um.
Similar results were obtained using an 80% reflecting
output coupler, suggesting that the threshold and extrac-
tion efficiency are dominated by scattering losses in the
rod.

The saturation of the >/, population mentioned earlier
in connection with the rate equations is not evident in
these results. This is because the pumping power is not
large enough for the second energy-transfer process in
Fig. 1 to become dominant over the first energy-transfer
process.

V1. DISCUSSION

To interpret the data presented above, a theoretical es-
timate must be obtained for ihe magnitude and tempera-
ture dependenc: ot D, and relationships between the vari-
ous 2nergy-transfer parameters must be established. The
physical meaning of the stimulated-emission parameter
must also be determined.

A theoretical calculation of the magnitude of the
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diffusion constant is difficult since the details of the exci-
ton band shape are not known. A rough theoretical esti-
mate for D can be obtained by considering the rate of en-
ergy transfer between two Yb’* ions. Assuming that the
interaction mechanism between Yb’* ions is dipole-
dipole in nature, the energy-transfer rate between two
ions separated by a distance R is?%?!

(RY=1/7(R /R®, (18)

where R, is again the critical interaction distance. For
multistep energy migration, the diffusion coefficient can
be expressed in terms of the interaction rate between ions

as-lS
D=} ["R*P(R

where p(R) is the probability of finding an ion at a dis-
tance R from the ion at the origin, and for a random dis-
tribution is given by*’

p(R)=47N, R % expl

)p(R)dR (19)

—47N,R3/3) . (20)
With these expressions the diffusion constant becomes

=(7N,R§ /T, )fin “lexpt —47N,RP/3)dR . Q2D
Note that the lower limit of the integral is taken to be the
smallest distance between Yb’* jons. Using the value of
d=2.7 A along with the concentration and intrinsic de-
cay rate of Yb’* jons, N,=1.2x10*? cm * and 7t
=555 sec™!, the integral in Eq. (21) can be cvaluated nu-
merically to give a value of 1.23x 10°, yielding the result

D=1.7x10"R} . (22)

Using the values of D calculated trom the Chow-Powell
theory, the value of R, can be calculated. At 12 K, R,

equals to 10.3 A, while at 250 K, R, equals 13.8 A.
These values are listed in Table 111.

The temperature dependence of D, shown in Fig. 9, can
give some qudlxtanve information about the exciton
motion in the Yb’* system. Figure 9 shows that D in-
creases with temperature, which implies that the exciton
motion is a thermally assisted incoherent process. This
can be represented by

D= {23y

D(0)+ B expl —AE /kgT)

where D (0) is the diffusion constant at zero temperature,
AE is the activation energy of the thermally assisted pro-
cess, and kj is Boltzmann’s constant. D (0} is the reso-
nant contribution to the diffusion, and B is the parameter
describing the nonresonant contribution to the diffusion.
The best-fit parameters obtained from a least-squares-
fitting procedure are listed in Table II1.

As shown previously, the results of the Inokuti-
Hirayama analysis of the Ho’*-Yb’* energy transfer
and the Chow-Powell analysis of the Yb*' ~Ho’* energy
transfer are related in terms of transfer and back-transfer
processes. The differences in the magnitudes of the
energy-transfer rates aie associated with the changes in
the role of the sensitizer and activator ions, which change
the spectral overlap due to the energy shift between ab-
sorption and emission transitions. Because most of the
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energy-transfer processes take place with the activator
ion initially in an excited state, it is not possible to calcu-
late the overlap integral since there i1s no excited-state ab-
sorption information available on this material. For this
reason it is not possible to correlate the transfer rates
with the spectral data.

The computer models used to explain the two different
types of up-conversion also provide values for the
encrgy-transfer rates. In order to correlate the transfer
coemcients with the troasfer rates obtained from the two
energy-transfer theories, it is necessary to multiply the
transfer coefficients by the concentration of the initial ac-
tivator energy level.'” The appropriate levels for each
transfer coeflicient are listed .in Table IV. Because the
pumping rates used in these experiments do not deplete
the ground states to any appreciable extent, the excited-
state populations of Ho’* are quite low compared to the
ground-state populations. Therefore, in order for the
forward- and back-transfer rates to be equal for the reso-
nant transitions, the transfer coefficients must be several
orders of magnitude different. In addition, the transfer
rates for two different resonant transitions may be equal,
but the corresponding transfer coefficients may not be
equal. Previous studies™'"'%'*¥ yusing similar rate-
equation models have assumed that the resonant transfer
coefficients are equal, instead of the resonant transfer
rates, as done here.

The risetimes of Yb’* emission after pumping the Y
and ’S,.°F, states of Ho’* are 4 and 15 usec at 12 K, re-
spectively, in agreement with the difference in the in-
teraction strengths. The risetime of the 552,5F4 emission
after pumping the ‘Fy level of Ho’* is 48 usec. From
these results and Eq. (14) the rate of the second transfer
process in Fig. 10 can be calculated to be approximately
2.0 7 10* sec ™. This is in good agreement with our rate-
equation results listed in Table 1V (5.0 10* sec™'). The
nearest-neighbor energy-transfer rates predicted from the
Inokuti-Hirayama theory are smaller than the rates pre-
dicted from the rate-equation models. This is a result of
the neglect of back-transfer. The energy-transfer rate
predicted for the Yb'*-Ho'* interaction from the
Chow-Powell theory is also smaller than the rate predict-
ed from just the Y, term in Egs. (16). Both energy-
transfer models suffer as a result of neglecting the back-
transfer of excitation energy, whereas the rate-equation
approach properly takes back-transfer into account at the
expense of using time-independent transfer rates.
Neglecting back-transfer causes the sensitizer-activator
strength to be underestimated.

The rate-equation models were used to fit the time
dependence of the up-conversion emission. The results
are shown as solid and dashed lines in Figs. 11 and 13.
The theoretical calculations agree well with the risetime
and asymptotic (¢ — % ) behaviors of the data, but the fits
are poor in the the time region just after the maximum
population of the level has been reached. The reason for
this is that the transfer coefficients used in the rate equa-
tions were time independent, and hence the only time
dependence in the transfer rate was contained in the con-
centration of acceptor ions in the specific level involved.
The decay kinetics shown in Figs. 5 and 8 can be inter-
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preted accurately by models with time-dependent transfer
rates, such as those of Inokuti-Hirayama and Chow-
Powell. These time-dependent transfer rates manifest
themselves predominantly in the early portions of the de-
cay, where the constant transfer coefficients give a poor
fit, leading to nonexponential decays. The parameters ob-
tained from these models should be taken as approximate
average values of the real time-dependent values of the
energy-transfer rates.

The stimulated-cmission parameters used in this mndel
of the infrared up-conversion are related to the threshold
for stimulated emission. The spontaneous-emission term
in Eq. (160, a,n,, acts as a feeding mechanism for the to-
tal number of photons of a particular wavelength in the
sample. The other two terms in this equation are com-
petitive in nature. When the gain term $,n,p, equals the
loss term p, /75, then threshold has been reached. Substi-
tution of the values from Table IV into Eq. (17) gives a
value for n, of 2.0 10'2 cm~3. This implies a threshold
of 1.5x 10* W/cm? for direct pumping of this level, and
consequently a higher value for the threshold for infrared
excitation of Yb3*. For a pure two-photon process
without losses, the threshold would be 3.0x 10* W/cm".
However, losses in this system are not negligible, as dis-
cussed earlier in connection with the saturation behavior
and inclusion of a third energy-transfer process. As a re-
sult, the actual threshold for stimulated emission in the
green after infrared excitation would be still higher. Ex-
perimentally the threshold was observed to be 75
MW/cm? for infrared excitation. The simplified model
used to describe the stimulated emission is largely respon-
sible for the discrepancy in threshold values.*’

At the high puinping powers used here, the efficiency
of the infrared excitation of the green emission is not as
high as at lower pump powers. This is reflected in the
saturation of the power dependence shown in Fig. 14, and
in the population of n, obtained from the computer fits,
This is a result of the third transfer process becoming
more effective at higher pump powers.** The saturation
of the population of the °I, level shown in Fig. 14 is also
evident in the laser output at 2.9 um when large pump
powers are used.* This is a result of the difference in
transfer rates obtained from Egs. (16}, Y,(ny) and Vim0
Because the first transfer from Yb** is nonresonant while
the second one is resonant, the population of *1, starts to
level off at a specific pump power,* =1 kW/em', as a re-
sult of the second transfer becoming more efficient at this
power level. The saturation of */ has been observed™ at
a pump energy of 0.6 J/cm? or 2.7 x 102* photons/sec for
a crystal containing 0.5 at. % Ho’*. This is slightly
larger than the value calculated here due to the difference
in concentration of Ho®* ions.

Another mechanism for decreasing the 2.9-um laser
output at high pump powers is population of the te-.ainal
level of the 2.9-um emission,* *I,. The *I, state i1s meta-

stable, having a lifetime of 9 msec, so that population of ®

this level decreases the inversion for the 2.9-um
stimulated-emission transition. There are two effective
mechanisms for populating the I, level after 1.0-um
pumping. The first, which is the dominant process at low
pump powers, is nonradiative decay from I, t0 ‘I, The
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second process, which only becomes effective at high
pump powers, is a result of two cross-relaxation processes
after the third transfer from Yb’* to Ho’*. The third
transfer populates *H, and then nonradiative decay to
3G, occurs.** The first cross-relaxation is

| Ho’*(°G,), YO’ T (3F; 1))

— |HO**(°F;), YO T (?F; ,5)) .
The second cross-relaxation is
| HO’ " (3F), YB2 T (3F, )

— [HO** (1), YO (PF5 1)) .

Both are resonant processes. The second cross-relaxation
is exactly the first step in the up-conversion of 640-nm ra-
diation into 551.5-nm radiation, Fig. 10. This is the con-
nection between the two up-conversion models. This
process is only effective in populating 5I, at high pump
powers, because the third transfer from Yb** to Ho®* is
only effective at high pump powers. A result of the in-
crease in population of the °I, level is an increase in the
output at 2.0 um. This mechanism should become
effective in populating °I5 at the pump powers at which it
becomes necessary to include the third transfer from
Yb’* to Ho’*.

VII. CONCLUSIONS

The characteristics of the interaction between the
rare-earth ions in BaYb,F;:Ho’* crystals in several ener-
gy levels has been calculated and it has been shown that
the interaction is electric-dipole-dipole. The coupling
between Ho®* and Yb** ions is greater for the °F state
of Ho’* than it is for the 5SZ,SF4 states. The multistep
migration of energy among Yb** ions is much stronger
than the Yb’*-Ho'* interaction, having a mean free path
of 85 A at 250 K. This justifies the treatment of the
Yb* ians as always being able to transfer their energy to

GILLILAND, POWELL, AND ESTEROWITZ 38

nearest-neighbor Ho®* ions since energy migrates from
one Yb** to another until a Ho®* ion is close enough for
the transfer from Yb** to Ho’* to 1ake place.

Multiple energy-transfer processes were shown to lead
to up-conversion, switching of lasing channels, and satu-
ration. An important conclusion is that a model with just
two transfers from Yb®* to Ho’* is insufficient to explain
the observed data.*** Energy transfer from Yb’' to
Ho®* in the ’s,,’F, states resulting in excitation of the
Ho'* ion to the *H state must be included for the high
pumping powers used here. Therefore, as the pump
power is increased the efficiency of the short-wavelength
stimulated emission, 0.55 um, increases, while the
efficiency of the longer-wavelength stimulated emission,
2.9 um, decreases. At still larger pump powers the third
energy transfer causes the 0.55um stimulated emission 1o
be less efficient.

The laser-performance results for the 2.9-pm laser ac-
tion have shown that the efficiency of the laser action can
be significantly increased by pumping into a Yb'' spec-
tral region with a larger absorption coefficient. Since the
Yb>* absorption peaks at approximately 960 nm at room
temperature, diode pumping should be an effective
method of achieving improved efficiency in the 2.9-pum
laser action. However, as we have shown in connection
with the rate-equation analysis, the efficiency of this laser
channel is limited by saturation effects, and therefore the
very large difference in the absorption coeflicient at 960
nm as opposed to 1047 nm (greater than an order of mag-
nitude) may not be reflected in the increased efficiency of
the 2.9-um laser action.
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Excited State Absorption of Pump Radiation as a
Loss Mechanism in Solid-State Lasers

MICHAEL L. KLIEWER anp RICHARD C. POWELL

Abstract~—"The characteristics of optical pumping dynamies oceur-
ring in luscr-putiped race carth-doped, solid-state laser materials were
investigated by  using  a  tupable  alexandrite  laser to pump
YL ALO NG i an aptical cavity. It was found that the slope efli-
ciency of the Nd laser operation depends strongly on the wavelength of
the pump laser. For pump wavelengths resulting in low sfope efficien-
cies, intense fluorescence cmission is observed from the sample in the
blue-green spectral region. This is attributed to the excited state ab-
sorption of pump photons which occurs during radiationless refaxation
from the pump band to the metastable state. This type of process will
be an important loss mechaaism for monochromatic pumping of laser
systems at specilic pump wavelengths.,

[ INTRODUCTION

LLECTIVELY pumping rare earth-doped solid-state

fusers in pump bands only slightly higher in cnergy
thun the lusing metastable stute 1s desiruble because there
is less pump energy converted to heat than there s in
broad-band pumping throughout the spectral region much
higher 1 energy. The small quantum defect associated
with this type ot low-energy monochromatic pumping can
mcrease the ethiciency of laser operation and decrease
problems anising from thermal lensing. The development
ot diode lasers as pump sources has led to the construction
of compact, solid-state laser systems |1]-]6}. However,
the powers and wavelengths presently available from

diode Laser pump sources are limited. Pumping with -

tunable alexandrie laser can be usctul in simulating diode
laser pumping and extending potential laser pumping o
higher power and ditferent wavelength regions. In addi-
hon, for some high-power Liser applications, an alexan-
drite laser may be an wdeal pump source for a rare carth-
doped sohid-state laser.

The results of an ivestigation of the spectral dynamics
of & Y \ALO;: :NdY (NA-YAG) laser pumped by an al-
exandrite taser are presented here, These results show im-
portant ditferences between broad-band frequency pump-
ing and monochromatic  pumping, demonstrate  the
importance of completely characterizing the pumping dy-
manies of laser systems, and show the etfects of excited
stute ubsorption (ESA) of pump photons trom levels above
the lusing transition on the slope etheiency ol the laser
opetion.

Manianptrecaived February 8, 1989 Fhis work was supported by the
NASA Langley Rescarch Center and the U S Arnmy Research Otice

Fhe authors are with the Departiment ot Physics, Oklahoma State Unt-
sersty, Stillwater, OOK 74078

fhiib T og Number 3928416

II. ALEXANDRITE LastrR PuaeinGg o Nd-YAG

An alexandrite laser with an output tunable between 725
and 796 min was uscd to pump an Nd-YAG crystal. The
pulse width of the alexandrite was about 60 us FWHM
and the maximum power obtainable wus 20 W ut a recep-
tion rate of 20 Hz. The spectral width of the laser is ap-
proximately | nm FWHM.

The crystal was mounted in a cavity consisting of a 100
percent reflector with a 50 cm radius of curvature and a
flat 83 percent output coupler. Transverse pumping was
employed with cylindrical and convex lenses used o fo-
cus the pump faser beam in a linc along he length of the
Nd-YAG sample. In this way, an eflicicat pumping con-
figuration was achieved. The power incident on the Nd
Y AG crystal und the power output from the Nd- YAG laser
were measured simultancously with two calibrated power
meters. The Fresnel reflections and absorption of the ma-
terial were considered when calculating the power ab
sorbed by the crystal. The Huorescence emission from the
sample was seat through a 1/4 m monochionator, de-
tected with an RCA C31034 photomudtiplicr wbe, ana-
lyzed by a boxcar integrator, and recorded on o clit re
corder. The experimental setup shown in Fig. 1 ude it
possible to measure the flvorescence enussion both while
the sample was lasing at 1.06 gan and in the ahsence ol
fasing. The sample was 0.28 ¢ long and contaad ap
proximately 1 x 107" Nd*" jons /e’

Fig. 2 shows the energy levels of Nd' and e relesam
clectronic trunsitions when pumping with 737 win by 3
shows the absorption spectrum of Nd™' i YAG e the
tuning region of the alexandrte Jaser. The stinctone is due
to the transitions to various Stark components of the 'S,
+ JI’7/3 levels. The wlexandrite laser output is tuned ovey
the absorption transitions shown in Fig, 2, afler which
radiationless reluxation oceurs 1o the *Fy . metastable
state. Fluorescence occurs from the *Fy, level w the lev-
els belonging to the */ term and, above thieshold, lasing
occurs in the *Fyoy = Y1 tansition.

Figs. 4 and 5 show the room temperatire Tharescene
spectra between 300 and Y00 i of N Y AG puaiped by
an alexandrie Taser at 734.0 and 748.6 nim, respectively
In recording these spectra, a filer was used o climinate
scattered taser light, and this also elinunates lom the 1e-
corded spectra some of the emission (ransitions ovcurring
between 600 and 770 nm. A neutral density hiter rated at
4.0 0.D. was used when recording the Huorescence enis-

0018-9197/89/0800-1850%01.00 © 1989 IEEE
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sion in the spectral region from 770 to 900 nm. Along
with the normal fluorescence from the *Fy/, level in the
near-infrared spectral region, strong emission lines ap-
pear at higher energies between about 380 and 600 nm.
These transitions must be associated with multiphoton ab-
sorption processes. The specific transitions that appear in
this spectral region and their relative intensities depend
on the wavelength and the power of the pump pulse. Tran-
sitions between levels having energy differences mulching
the observed spectral lines of Fig. 4 are shown in Fig

[t appears lhdl these transitions originate from the P, .,
*Dq;y, and *P, /1 levels and terminate on the various mul-
tiplets of the ground term. The spectrum shown in Fig §
1s also a result of a multiphoton excitation process and the
fluorescence in the green is a result of transitions origt-
nating from the *G;., level and terminating on varous
components of the ground term.
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In order to excite the higher lying luorescence levels
producing the emission shown in Fig. 4, it is necessary
tor two pump photons to be absorbed. For energy to be
conserved, the energy of the transition from the ground
state to the final level must match the sum of the energies
of the two photons minus any energy lost through radia-
tionless decay processes. By studying the energy level
diagram in Fig. 2, it is clear that the only path for the
required two-photon excitation process under these pump-
ing conditions 1s for the first photon to be absorbed by a
transition to one of the Stark components of the *Fy/, +
*S5,2 levels followed by radiationless relaxation to the
fevels of the 2H9/3 + 4F5/3 manifold. The second photon
is ubsorbed before the ion can continue relaxing down to
the *F;,, metastable state. Depending on the exact energy
of the pump photons, there is a good energy match to
transitions terminating on the two Stark components of
the *Py /5 level. In this level, there is a branching ratio for
Huorescing and radiationless relaxation to the lower *Ds /5
and *P,;, levels from which some fluorescence also oc-
curs.

Excitation spectra of the emission in the 420 nm spec-
tral region was taken in an attempt o verify the above
interpretation and the results are shown in Fig. 6. The
peaks in the 420 nm excitation spectrum are different from
the absorption peaks in Fig. 3 and correspond spectrally
to the cnergy differences between the different Stark com-
ponents of the *Fs/, + 2H, ;5 manifold and the Stark levels
ol the *Py,, multiplet. The excitation spectrum of the 870
nm cmission was also measured and found to contain the
sie features as the absorption spectra shown in Fig. 3.

HI. ErcecT oF Pusme Punorton ESA on Store
EFFICIENCIES

Fig. 7 shows the results of measuring lasing thresholds
and slope efliciencies tor Nd-YAG pumped at ditferent
wavelengths by an alexandrite laser. [t should be noted
that no attempt was made (o optimize the sample or cavity
parameters to obtain the best possible operational char-
acteristics of an Nd-YAG laser. The purpose of this work
ts to demonstrate how these characteristics vary as a func-
ton of pump wavelepgth. The results show only small
changes in the lasing threshold as a tunction of pumnp
wavelength, whereas the slope elliciency varies signili-
cantly as the pump laser is tined across the absorption
band of Nd-YAG shown in Fig. 3.

The vertical lines in Fig. 3 idenufy the spectral posi-
tons of the pump wavelengths resulting in excited state
absarption from the ‘F;;z + 2II.,/3 levels to the "I",g en-
crgy levels. For 733 6 nm excitation, no ESA of puinp
photons occurs and a slope etficiency of 10 percent is ob-
tamed, while Tor 737 0 um excitation, ESA ot pump pho-
tons reduces the slope elficiency to only 6 percent. For
the pumping conditions resulting 1n high values ot the
slope ctheiency. there is no change i the slope ol the
tmeastred power output versus power absorbed curve over
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the cntire range of pumping powcers. However, lor the
pumping conditions resulting in low valucs ol ihe slope
efliciency, the slope of 1the curve of meusuied power out-
pul versus power absorbed decreases ar high pamp pow-
ers. This is associated with the pump power dependence
of the ESA loss mechianism.

The slope efliciency g, is detined as [9), 110)]

Im ()

where N, and A, are the pump and output waveleneths, €
ts the output coupler transmission, Lo the sample foss
per pass, and Chas the lotal transmission of the cavity
rors. q, 18 the pumping efhiciency and s defined as the
number of ons excited 1o the arrgm ol the Lasing faansg
ton produced per photon abscrbed




RUTEWEROAND o)

The ESA of pump photons found to occur in levels
above the upper tevel ot the Tasing transition can be taken
ito account by redefining the pumiping ctliciency as

(2)

Coguation €29 s valid when the excited state absorption
cross section 1s much greater than the grownd state ab-
sorption cross section and the rate o nonradiative relax-
attone downward s much greater than the rite upward due
to exented state absorpion. The slope etficiency can be

Ny = ’I}:(l - ’II‘S/\)'

cxpanded s

N, = 'II»'( I Nisa ) (3)

where gl as given in ¢y with g, replaced by », and ny.g4
is the exerted state absorption efliciency defined as

Hysa = iV‘U'Ag,\(/. (4)

Noand oy oy are the excited state density and excited state
absorption cross section, respectively ., of the levels above
the apper tevel of the fasing transition from which the
ESA processes oceur. d is the depth of absorption ol the
pump Teht o the sample.

e eflecs BESA of pump photons present at various
pump wavclengths can be deseribed by (3). For 753.6 nm
evaitation, there is no bMue emission detected and the
navimum slope cicteney as obtained. Thus, it s as-
sumed that there is no ESA of pump photons from levels
above the upper fevel ot the Lising transition and the value
ol 10 percent obtamed tor the sltope efliciency under these
prumping conditions s taken as the nmadamum value for
W s assumed 1o be one in the absence of ESA of pump
photons. bur will vary with pump wavelength. The ESA
cllicieney and the excited state absorption cross section
can he determimed by fliting (3) o the slope efliciency
cuives shown in Figo 70 An example of this type of fitting
15 shown as o solid hine iy the tigure tor 737.0 nm pump-
ing. o thermal equilibrium, a Boltzmann distribution pre-
dices that abowr 2.5 percent of the population of the ex-
cited state will be in the specitic Stark component of the
oo TF devels from which ESA oceurs. Fitting (3)
o the tesults abtuned for 737.0 nm excitation yields a
value for gy of 0108 at the pumping threshold., nega
increases lncarty with the power absorbed by the material
because ol Ns linear dependency on power absorbed.,
Using the value tor gpgy with (4) gives an excited state
absorption cross section ot 4.6 x 107" e, This is con-
sistent with results found from two-photon absorption
studies of Nd'' jons in solids {11]. The reason for this
refatively Targe value is probably due to strong admixture
of the o wavelunctions m the high lying 2Py, level.

IV, Discussion aND CONCLUSIONS

The resudts discussed above show that alexandrite laser
pumped Nd-YAG lasers can have a pump wavelength-
dependent loss mechanism associated with the excited
state #Hsorption of pump photons. This loss micchanisi s

ABNOREPHIONTOF TURT RADIXTION X5 TOUSS MTCIANDGSY — — ——————————— —

negligible for some pump wavelengths, while for other
wavelengths, this loss mechanism dominates the pumping
dynamics to the extent that the slope etliciency is greatly
decreased. This is the first observation of a loss mecha-
nism o in lasers due to excited state absorption of pump
photons taking place duning relaxation trom the pump
band to the metastable state. This will not be as significant
a loss mechanism Tor broad-band pumping because the
pump photons arc spread over a wide range of the cner-
gies. However, for monochromatic pumping by laser
sources with all the pump photons having the same cn-
crgy, this can be the dominant loss imechanism. Since
multiphoton absoiption is power-dependent process, this
loss mechanism will be most impontant for high-power
pumping situations. However, even for low-power diode
laser pumping, the Joss via this mechanism may not be
negligible.

Other types of excited state absorption processes are
well known as loss mechanisms in laser systems. These
include up-conversion encrgy transler through jon- jon in-
eractions 8] and the excited state absorption of photons
that are part of the laser emission [ 10]. 1t is not surptising
that excited state absorption of pump photons can become
important under the conditions of high-power laser pump-
ing. However, it is surprising that the sccond step i the
two-photon absorption process occurs before the ion has
completely reluxed to the lowest lying metastable ste.
This allows many different transitions to take place in the
excited state absorption process, and therefore enhances
the effect of tas loss mechanism. The effectiveness ol this
loss mechanism depends on the relative rate of the non-
radiative relaxation of the jons in the ttial state ot the
transition compared (o the rate of excited state absorption
The exponential energy gap law [12] predicts a mulu-
phonon decay rate for the *Fs -, term on the order ol 10"
s7', whereas the ESA pump rate at threshold

[
(Wisa)n = disa </“ > (5)
1w

is on the order of 1075 1,

It should also be pointed out that we have observed this
new type of loss mechanism when pumping into the 'Fq |
cnergy levels {13, in a farge number of Nd-doped fuser
materiads and in laser materials based on other rare carth
ions such as Er' ", Thus, it appears that this is a general
loss mechanism that may be in all faser-pumped solid-
state laser systems based on rare earths ions.
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Single crystals of lanthanum lutetium gallium garnet (LaLuGaG) were grown by the Czochralski
pulling technique. X-ray difiraction and elementa. analysis performed on these samples indicate
that these garnets do not form with simple stoichiometry described as | La},[Lu),72,0,, but with
increased Lu concentration in the dodecahedral site and Ga occupancy in the octahedral site. Opu-
cal absorption and fuorescence spectra confirm these results, showing inhomogeneous broadening
of the spectral lines of Nd’*. Various laser gain measurements were performed on
{La, _,Lu,},{Lu,_,Ga,];Ga,0,, crystals containing 4.3 and 1.3 at. % Nd** to determine the use-
fulness of this matenal as a laser. No optical gain was observed. Time-resolved, site-selection spec-
troscopy measurements were performed to determine the effects of ion-ion interaction, and show the
presence of very weak energy transfer between ions in aonequivalent crystal-field sites. Two-photon
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excitation  spectroscopy measurements  demonstrate  the presence of very strong (wo-
photon-absorption transitions, which prevents lasing in this garnet.

I. INTRODUCTION

Although Nd-doped Y AL(AlO,), (YAG) has become
a standard laser material, there is still significant interest
in characterizing the properties of other types of Nd-
doped matertals that can be pumped with Ga, _, Al As
laser diodes emitting radiation at 80020 nm. The spec-
tral emission of laser diodes at 800 nm is resonant with
the *F5 , and *H,,, Nd** absorption bands. The advan-
tage derived from the spectral match leads to a reduction
of the amount of heat which is deposited in the medium,
thus reducing the thermomechanical requirements of the
laser host. With the commercial availability of single
fuser diodes with powers exceeding | W and two-
Jimensional arrays producing 4.0 kW/em?, it is useful to
determine if other matenals can be found with spectral
and thermo-optic properties leading to improved laser
charactenstics. Desirable properties of new laser-diode-
pumped sohd-state lasers include a longer fluorescence
Iifetime. a broader absorption band, and a higher absorp-
tion coetficient as compared to Nd:YAG. We report here
the results of x-ray ditfraction, elemental and spectro-
scopie analysis, and gam measurements  obtained on
Nd' " -doped  fLa, (Lu |\[Luy ,Ga,],Gay0y, (Lalu-

2R

GaG) crystals.

Y, AL(AIO); is not the ideal garnet structure for dop-
ing with Nd** ions. The ionic radius of Nd’* is too
large to give polyhedra sides that match the s;u»s of Al’*
polyhedra, This mismatch imposes difficulties in forming
a solid solution of Nd;AL(AIO,); with Y ,ALIAIO ), that
would limit the amount of Nd>* that can be incorporated
into the YAG lattice to only a few atomic percent. In ad-
dition, the distances between cation lattice positions for
the aluminum garnets are small enough to allow for
strong enough ion-ion interaction to produce concentra-
tion quenching of the Nd’* fluorescence.! On the other
hand, neodymium may be substituted completely into
gatlium-based garnet systems. The largest lattice param-
eters in the gallium garnet group may be realized in gar-
nets formed with lunthanum occupying the dodecahedral
positions. For such gai—~ets to be synthesized, the struce-
ture must be expanded by substitution of ions larger than
gallium into the dodecahedral sites. When such substitu-
tions were made, 1t was found? that compounds Jdo not
form  with  simple  stoichiometry  described  as
[Lal[Lu),GayOp but dthat the octahedral and
tetrahedral substituents are distributed between two crys-
tallographic sites, with the distnibunion corresponding to
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the formula {La;  Lu |yfLu, . ,,Guy]zGa]Ou.

The study of mixed garnet crystals began in the late
1960s. Mixed garnets are those in which additional addi-
tives have beenintroduced into the | A L[ B],0C)0, gar-
net cryvstal, causing multiple 1ons (o occupy crystallo-
graphic sites. Numerous laboratories have studied the
optical spectroscopy of mixed garnets, in particular Lu-
compensated Nd:Y ALIALIO),. Holton et al.? showed
inhomogencous broadening of the spectral lines of Nd*+,
attiibuted 1o a distribution of Nd ions among sites with
ditfcrent ervstalline fields. The resulting broadening is at-
tributed to Nd jons residing in Lu-rich and Y-rich sites
with shghely  diflerent crystal fields. Voronko and
Sobol',' i a more comprehensive study of this mixed
garnet system, investigated the dependence of the width
and itensity o the spectral lines with respect to varying
concentrations of Y oand Lu in the dodecahedral sites. A
shight hroadening, by 2-10 times, was scen in these gar-
nets, with no change of the mtensities.

Doped with Nd, these mixed garnets are intermediate-
gitn Laser materials, exhibiting gain higher than Nd:glass
but lower than Nd:YAG. These materials would exhibit
hrgher energy storage and lower amplified spontaneous
cmission at hich pump powers.*

1. EXPERIMENTAL RESULTS
A. Crystal growth

The Eanthanum Jutetium gallium garnets of the above
composition were grown by the standard Czochralski
pulling technique. The raw materials were dried at
200°C, and La,0y and Lu,Oy were fired at 1100°C for
12 11 so that they would be free of absorbed water and
carbon dioxide. The oxide was then mixed in the desired
ratio, pressed in an isostatic press, and loaded intoa 55
cm oandium crucible. of power at a 9.8-kHz frequency
was coupled via copper coil to the crucible, heating the
crucible and melting the charge. The crucible was insu-
lated with a stabilized zirconia sleeve, and the entire as-
sembly tconl, insulation, and crucible) was enclosed in a
water-cooled bell jar equipped with nitrogen and oxygen
supply lines, providing a growth atmosphere of N, with |
vol. 7t of O,. The pulling rates employed were | mm/h.
The Muid fow in the melt was aided by rotating of the
cry~tal at the rate of 15 rpm. The crystal diameter was
controlled at a programmed rate by regulating the weight
of the growmg crystal. The erystal grown in the [i11]
direction displayed typical garnet morphology, that is,
faceting and core formation due to growth with a convex
interface. The crystals were 1 in. in diameter and be-
iween 2 and 4 1n. long. Numerous growth runs of these
Lal.uGaG crystals were performed with either or both
Cetoand NdY'. The samples studied were two Nd-
doped boules with 3.3 and 1.0 at. % added to the melt
and one sample with 0.4 at. % Cr’*. Spectroscopic sam-
ples of high optical quality were cut and polished from
these boules.
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B. X-ray diffraction

The spectroscopic characteristics of optically active
1ons in garnet crystals are closely related to the properties
of the crystal structure.  Originally determined by
Menser® for naturally occurring minerals such as grossu-
larite, spessartine, or pyrope, the garnet structure is cubic
and belongs to space group Ja3d. All the cations are in
special positions with no degree of freedom, whilc the ox-
ygen atoms are in general positions. Each oxygen atom is
at a shared corner of four polyhedra: one tetrahedron
surrounding a “d” ton; one octahedron surrounding an
“a 1on; two dodecahiedra surrounding ¢’ ions.

The positions of the oxygen ions in the structure are
defined by three general parameters: x, y, and z. The
values ol these parameters change with the chemical
composition of the garnets and depend mainly on the ra-
dit of the cations. When oxygen ions are shifted from
their ideal positions, distortions of polyhedra result.
These distortions change the length of the edges of the
polyhedron, while the distances between the center and
the corners of the polyhedron are given by cation-oxygen
ionic radii. Thus, freedom in substitution of various cat-
ions in the garnet structure is greatly restricted by the re-
quirement of matching the length of the shared cdges
among the three polyhedron types. On the other hand,
expanding one polyliedron by proper selection of substi-
tuting cations may allow extending the selection of other
cations for substituting tnto the garnet structure. This
approach has been successful in doped lanthanum gar-
nets.?

The crystal structure analysis was performed on an au-
tomated Nicolet R3m/ye diffractometer equipped with an
incident-beam graphite monochromator and Mo Ka ra-
diation (A=0.7107 A). Lattice parameters were deter-
mined for 20 centered reflections within 3.0° < 20 < 60.0°.
Data were corrected for Lorentz-polarization ceffects
and  absorption  correction.  The  structure  of
{La,_ Lu |y{Lu;_,Ga, ],Ga,0,, was solved by direct
methods by varying x and y until the R factors (or residu-
als) were minimized.” Low R factors indicate that the
structure is correct and that the structure model based on
atomic positions agrees well with the experimentally mea-
sured intensitics. Table T shows the essential details of
the structure; detatled structure mformation can be found
in Ref. 8.

C. X-ray fluorescence

Elemental analysis was performed on three samples of
LaLuGaG doped with impurities. These included two
spectroscopic samples doped with Nd*'* and Cr''. The
third sample was a 10-cm-long by 3-cm-diameter
Nd’*:1 aLuGaG boule. The analysis was performed with
a Kevex 770/8000 x-ray fluorescence spectrophotometer.
This instrument uses the energy dispersive techniqgue,
where radiation from a primary x-ray tube is directed
upon a secondary target, gencrating monochromatic x-
ray fluorescent radiation at the characteristic Ka and K /3
energy levels of the target material. Tlis secondary radi-
ation is then directed upon the sample to be analyzed.
The subsequent x-ray fluorescence from the sample is
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TABLE 1. Summary of single-crystal x-ray diffraction results of {La,_ ,Lu,h[Lu,_,Ga 1:Ga,0y;
for x=0.25 and y=0. Atom coordinates (X 10*) and thermal coefficients (A*x 10") of LaLuGaG.
Space Group: Ja3d (cubic) (No. 230). Unit cell axis length: 12.930(3) A. Observed data [/ > 3a(D)]:

236. Refinement: R=4.07%; wR=13.02%.

Atom 10 10y 10°z U (107 AY
Lu(1) 0 0 0 210
La@2) 0 2500 1250 2001 )*
Lu(2) 0 2500 1250 20(1)*
Ga(3) 0 2500 3750 201
0 300(3) 576(3) 6569(3) 23(1)*

*Equivalent isotropic U defined as one third of the trace of the orthogonalized U, tensor. Parenthetical

values are estimated standard deviations.

detected and recorded on a multichannel analyzer. The
chief advantage of the energy dispersive system is that
secondary targets can be chosen whose secondary x-ray
fluorescence will most efficiently excite the analytes in
question. Such efficient monochromatic excitation results
in a high signal to background ratio and provides the
ideal conditions for accurate quantification routines.

Film standards of known concentration and mass
thickness were obtained from Micromatter Co.? to obtain
a known intensity-concentration ratio. This known ratio
is compared with the sample fluorescence intensities and
is used in conjunction with excitation efficiencies and ma-
trix effects to calculate analyte concentrations and the
elemental composition of the sample.

In our analysis of these samples, we selected secondary
targets which would most efficiently excite the analytes of
interest with minimum peak overlapping. Other parame-
ters such as tube voltage and current, counting time, and
atmosphere were selected to provide a statistically valid
number of counts and reduce atmospheric effects. The
composition of three LaLuGaG single crystals is shown
in Table II. The results in Table II clearly indicate the
added presence of lutetium in positions other than that of
the octahedral site. Based on size constraints, Lu undou-
btedly occupies the dodecahedral site. These results were
confirmed by x-ray diffraction. In addition, the Ga con-
centration was found to be slightly larger than three for-
mula units, which would indicate occupancy in the octa-
hedral site.

The segregation constant,' k, for Nd**:LaLuGaG can
be determined from the data in Table I1. At equilibrium,

the concentration in the solid is given by'°
c,=key(l—g)—1, (1)

where ¢, is the initial concentration of the dopant ion
and g is the fraction of melt that has been crystallized.
For Nd’* in LaLuGaG, k is 1.3.

D. Index of refraction

The refractive indices of Nd:LaLuGaG were measured
using the method of minimum deviation,'' in which a
polished prism of Nd**:LaLuGaG was fabricated and
mounted on a goniometer, and monochromatic light (in
this case, from multiline argon ion and helium neon
lasers) was passed through it. The point of least
deflection is recorded as the angle of minimum deviation,
and the index of refraction is calculated uccording to the
formula

n =sin{({)(a+7,)]/sinlia), {2)

where a is the prism angle and 7, is the angle of
minimum deviation. The results appear in Table 111,

The accuracy of the refractive index calculated from
the data was limited by the accuracy with which the an-
gle of minimum deviation was measured, in this case 5"
of arc. Thus there existed an inherent error of 10.0025.
The actual average error was £0.0035.

These experimental data were subsequently fit to
Sellmeier’s dispersion equation

nHA)=14+SA /(A=A . (3)

TABLE Il. LaLuGaG crystal composition in formula units.

Nd** concentration in LaluGaG
composition {at. %)

Sample Chemicau! analysis Crystal Mclt
Nd:LaLLuGaG boule (top) Ndg.gsla, 3;Lu; 5:Gay 015,00 1.37+£0.05 1.0
Nd-1al nGaG honle thottom) Ndg 0T 85 201 17 3693 02043 00 130+0.05 1o
Spectroscopic Ndyg 5La, j4Lu, :Gay 3604, 60 4.31£0.17 33

sample Nd:LaLuGaG

Spectroscopic
sample Cr:LaLuGaG

Crg4Lay Ly Gay 701300
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TABLE i1l. Indices of refraction of Nd'*:LaLuGaG.
Sellmeier coefficients:  n (A)=1+SA/(A =A3); S$=2.3891;
Ao=194.46 am.

Wavelength (nm) M experimental
632.8 1.9070
611.9 1.9174
594.1 1.9221
543.0 1.9304
514.5 1.9376
496.5 1.9537
488.0 1.9632
476.5 1.9665

Appropriate values of S and A, given in Table 111, were
calculated from this formula by averaging all the possible
values extracted from the data. The index of refraction
of maximum fluorescence in the *Fy,,-*I, ,, transition,
1059 nm, was found to be 1.8634.
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FIG. 1. Room-temperature absorption spectrum of

Nd'*:LaLuGaG (1.3 at. % Nd'' ). The sample thickness is 6.61
mm.

E. Nd’* absorption spectra

The absorption spectrum of neodymium-doped LaLu-
GaG was investigated in the range of 200-6000 nm at
room lemperature and 10 K. These data were recorded

TABLE IV. Experimental (E) and theoretical (T) (the crystal-ficld parameters given in Table [X
were used in the caleulation of the energy levels) crystal-field splittings of Nd'* ion manifolds in LaLu-

(i;lG_.

State® Stark-level positions (cm ~")

Ty E 0, 102, 187, 287, 710

313 T -6, 103, 191, 287, 711

1 E 1962, 2003, 2097, 2129, 2347, 2416

2177 T 1964, 2001, 2697, 2123, 2343, 2422

1, E 3899, 3920, 4040, 4059, 4315, 4338, 4407
4148 T 3901, 3915, 4039, 4051, 4317, 4337, 4412
i E 5783, 5818, 5959, 6009, 6450, 6481, 6526, 6603
6190 T 5784, 5824, 5963, 6006, 6454, 6473, 6525, 6588
I, I 11417, 11534

11517 T 11414, 1153

I, L 12402, 12477, 12567, 12598, 12625, 12659,
', 12817, 12850

12183 T 12192, 12268, 12314, 12452, 12478, 12581,
12652 12622, 12656

Fi E 13375, 13462, 13582, 13587,

‘S ‘ 13602, 13648

13501 T 13368, 13452, 13564, 13586,

13592 13597, 13659

‘Fasy E 14645, 14717, 14775, 14852, 14964

14770 T 14652, 14723, 14771, 14834, 14952

o E 15901, 15926, 15991, 16093, 16129

15969 T 15908, 15919, 15961, 15968, 16011, 16054,
Gy E 16951, 17042, 17116, 17324, 17586

‘G

17091 T 16963, 17043, 17104, 17367,

17353 17434, 17465, 17653

2Gon E 18825, 18917, 18915 19032, 19161, 19410,
e 19469, 19599, 19650

P, E 23217

*The multiplet in Russell-Saunders notation and centroids of that multiplet are given.
PExperimental energy levels not used in the crystal-field calculations. The aqueous centroids were used

istead.
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in the uliraviolet, visible, and near infrared on a Perkin-
Elmer Lambda 9 spectrophotometer with a maximum
resolution of 0.01 nm. A Perkin-Elmer 983G infrared
spectrophotometer having an accuracy of 0.1 cm™! was
used Lo obtain spectra beyond 3200 nm.

A closed-cycle refrigerator, CTI-Cryogenics Model 21,
was used to obtain spectra at 10 K. Sample temperatures
were measured with a silicon diode calibrated to <1 K
below 50 K. Typical cooldown times were 1 h.

Figure t shows the absorption spectrum at room tem-
perature of Nd®*:LaLuGaG between 300 and 1000 nm
for a 0.661-cm-thick sample with a Nd** concentration
of 1.45x 10% ions/cm?. This spectrum is very typical of
Nd?* in other crystailine hosts, showing strong transi-
tions from the *I,,, ground-state multiplet to the 2Hy
and *F,,, (800 nm), *F,,, and 'Sy, (750 nm), and *G5
and 2G,,, (590 nm) states. The experimentally deter-
mined Stark levels of the Nd** ions in the dodecahedral
sites are listed in Table IV.

The peak absorption (emission) cross section for the
*Fy,-*1,,,, (Yy;—R,) transition was measured. The
peak absorption cross section, given in Eq. (4), is equal to
the absorption coefficient divided by the lower-level pop-
ulation

Up(Y)—'R2)=GP(Y3—*R2)/N(Y3)- (4)

The absorption coefficient for the 10.13-cm-long
Nd:LaLuGaG boule was measured to be 6.34x107*
em~'.  With the Nd** concentration of the
Nd:LaLuGaG boule equal to 1.45x 102 Nd*+ ions/cm’
{determined by x-ray fluorescence), and the partition
function equal to 2.488 (data taken from Table 1V), the
population in the Y, Stark level at 2097 cm™!' is
2.32x10"® Nd’*/cm’ at 298 K. Substitution of these
values into Eq. (4) yields a cross section of 2.73x107"?
cm?. This value is 2.4 and 0.9 times smaller than the
values for Nd:YAG and Nd:GSGG, respectively. 2

F. Branching ratios and radiative lifetimes
of Nd’*:LaLuGaG

The branching ratios and the radiative lifetimes of the
YRyt (I =300, 8) were determined in two in-
dependent ways. The first method is a direct application

A

TABLE V. Measured and caiculated line strengths of Nd’* in LaLuGaG.

913)

of the Judd-Ofelt theory!'>!'* and has been used by many
authors.>~'7 Data analysis was performed similar to
that of Krupke'” and is briefly described below.

The integrated absorption coefficient, fk (Ad A,
emanating from the ground state | (SL)J ) *I,,, manifold
to excited | (S'L’)J') manifolds was measured for 11 ab-
sorption bands in Fig. 1. The integrated absorption
coclmcient in turn is relared to the fline steength S by Eq.
(5):

8m N Xe?
3ch(2J +1)

(n?4+2)?
9n

fk()\)d/\: s, (5)

where J is the total angular momentum quantum number
of the initial level, X is the mean wavelength that corre-
sponds to the J-J' transition, n is the index of refraction,
and N, is the Nd** concentration. Values for n were
taken from Sellmeier's dispersion equation, Eq. (3), and
Ny was 1.45X 10% ions/cm’. The Judd-Ofelt theory pre-
dicts that the line strength S may be wrilten in the form

S(SLV,[S'L'V")
= 3 O SLYUass LY |,

t=2,4,6
(6)

where {4/ [SLVJU'4f"[S'L’))’') is a  reduced-
matrix element of the irreducible tensor operator of rank
t, and €, are the Judd-Ofelt parameters. The numericaf
values of the squares of the reduced-matrix elements for
Nd** (aquo) ions for transitions from the ground state
were taken from Carnall, Fields, and Rajnak.'® When
the absorption band was a superposition of lines assigned
to several intermultiplet transitions, the matrix element
was taken to be the sum of the corresponding squared
matrix elements.' A least-squares fitting of S, 10 S\,eu
yields values for Q, 4 ;. Table V shows the measured and
calculated line strengths for 11 absorption bands. The
Judd-Ofelt parameters and the branching ratios are given
in Table VI.

i

Russeli-Saunders Wavelength Index of refraction Line strengths (10 * ¢m?)

state [S'L')J’ (nm) n S neas S
Py 882 1.8738 0.424 0.749
P+, 807 1.8805 2.137 1 984
FratiSy, 748 1.8874 1.741 1.842
Ny 683 1.8973 0.144 0.131
oy s 625 1.9092 0014 0.034
N eI s B 587 1.9193 1.594 1.594
Ko +7Gr, +7Gy sy 526 1.9410 0.386 (0.898
Kiga+1Gy, +0D,°P) 479 1.9648 0.130 0.176
G 459 1.9778 0.084 0.016
P, Dy, 433 1.9982 0.041 0.103
Py viDy 4+ D +7Dy 356 2.0988 0.980 0.7%9
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TABLE VI. Experimental and theoretical Judd-Ofelt parameters and predicted branching ratios in

Nd’*:LaLuGaG.

Parameters Experimental value Theoretical value
Judd-Ofelt
Q, 0.84x 1072 cm? 0.31x 1072 c¢m?
0, 2,64 %107 cm? 1.21x 10" ¢m?
(R 2.61x107% cm? 5.19x 1072 cm?
Radiative lifetime
‘i) 362 ps.* 295 ps® 286 us
Branching ratios
BUFy 24T 0) 43.6% 26.0%
BUF - ) 47.2% 59.5%
BUFy 4-*115 1) 8.8% 13.8%
BUF, 5-*11s,y) 04% 0.7%

*From Judd-Ofelt calculations.
*From fluorescence lifetime experiments.

The second method of determining the branching ra-
tios and radiative lifetimes uses the point charge model.
In these calculations, the Stark-level positions of Nd**
given in Table IV were used along with the free-ion
Russell-Saunders [SL]J states with the free-ion Hamil-
tonian containing the Coulomb, spin-orbit, L2, G(G,),
and G(R;) interactions.' The free-ion parameters
chosen, from Carnall, Fields, and Rajnak,ls are
E'M=47393, E‘=23999, E‘“=485.96, (=884.58,
a=0.5611,8=—117.15, and y=1321.3 (allincm ™). In
the crystal-field analysis we assume a crystal electric field
(CEF) of D, symmetry of the form

[{C1517= ZB/“qC‘q(?') ' (7)
thq
where the B, are the crystal-field parameters and the
C,,(?) are spherical tensors related to the spherical har-
monics by

Ciol P ) =Var/(2k + 1Y, (6;,4;) . (8)

The sum on i in Eq. (7) runs over the three electrons in
the 4/ configuration of Nd’*, and the sum on k (k even)
covers the range 2-6 with ¢ even and in the range
—k <q < k. Since we assume that the Nd>* ions occupy
the dodecahedral site with D, symmetry, the crystal-field
parameters can be chosen real; thus there is a total of
nine even-k B,,. The procedure we use in the analysis of
the experimental data is to obtain the free-ion wave func-
tions using the free-ion parameters. We then use these
free-ion wave functions to evaluate the energy levels in a
crystal using the Hamiltonian given in Eq. (7). The
crystal-field parameters B,, are then determined by

gies from the experimental energies. The centroids of
each [SL|J multiplet are allowed to vary freely during
this fitting and are considered experimental data in the
final analysis.

To obtain starting values of B,, for our fitting of the

experimental energy levels, we use point-charge lattice
sum A,. The A,, are related to the By, by®

Ba=pi Ay, 9)
where
pr =15y g1 —ay) . (10)

T is an ion-dependent radial expansion parameter,?

(r*)p are Hartree-Fock expectation values,?' and o
are shielding factors.?? Values of p, for Ce’* through
Yb** are given by Morrison and Leavitt.?> The values of
A, were calculated by a point-charge lattice sum using
the x-ray data of Table I. In performing the lattice sum,
the material is assumed to be La;Lu,Ga;0,, and for the
starting parameters the charges on the individual ions are
assumed to be the valence charges ¢;,=3, ¢,,=3,
gdga=3, and go=—2 (in units of the electron charge).
Later A;, were calculated using an effective charge on
the oxygen site g, such that g5, = —5—4g, and varying
qo to obtain the best fit of calculated B,, to experimental
By,- The resulting A, for even k were obtained from
the lattice sums; the B, obtained by using Eq. (9) are
given in column 3 of Table VII. These values of B,, were
used in the least-squares fitting as starting parameters.

The crystal-field parameters that gave the best fit to the
experimental data are given in Table VII, as well as the
point-charge B, computed using go=—1.64 (the value
of the oxygen charge that gave the best agreement to the
experimental B, ). In this fitting a number of experimen-
tal levels were discarded because attempts to fit these lev-
cls were unsuccessful. The odd-k A4, (cm~'/A*) using
go=—1.64 were calculated and are A,,=1520,
As;=—1500, 4,,=867, 4,,=542, A4,,=88.0, and
Aq=—129. (All odd-k A, are imaginary.)

The By, of Table VII along with the odd-k 4, values
were used to calculate the intensity of electric and mag-
netic dipole transitions for the rare-earth series. A de-
tailed discussion of this calculation is given by Leavitt
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TABLE VII. Experimental and calcu.lz}‘ted crystal-field pa-
rameters, By,. Note: Odd-k Ay, (cm~'/A") for go=—1.64 are
A)2= 1520, An= -— 1500, A5‘=867, A11=54.2, A1‘=88.0,
and 4= —129.

Best-fit experimental Point charge

kq By,* (cm™') B.° {cm™")
20 879 843

22 206 338

40 —80.4 68.6
42 — 1650 —-2370

44 — 782 —1087

60 — 1345 — 1485

62 — 608 -732

64 629 736

66 -613 —-614

*Best-fit experimental By, for all data; rms= 5.658 cm ™.

®Point charge By, using go= —1.64; rms=50.38 cm~".

and Morrison.?* The resulting Judd-Ofelt intensity pa-
rameters are given in Table VI for Nd’*+ and the other
rare earths in Table VIIL

G. Nd**:LaLuGaG fluorescence and lifetime measurements

The fluorescence spectrum of Nd*+:LaLuGaG was
recorded with a Spex F222 spectrometer. Figures 2 and 3
show the fluorescence spectrum in the region of the
*Fy -1, 2 and *F;5-*1, , transitions. The fluorescence
lifetime and tiine-rcsolved, site-selection spaectroscopy
measurements were made using a nitrogen laser-pumped
tupable dye laser with rhodamine 6G for the excitation
source. This provided pulses of about 10 ns in duration
and less than 0.04 nm half-width. The 4.3 at. % Nd**
sample was mounted in a cryogenic refrigerator with
temperature variable between 10 and 300 K. The fluores-
cence was analyzed by a 1-m monochromator, detected
by a cooled RCA C31034 photomulitiplier tube, processed
by an EGG-PAR boxcar integrator triggered by the
laser, and displayed on an x-p recorder.

The fluorescence lifetime of Nd*>* in LaLuGaG after

TABLE VIIIL. Calculated Judd-Ofelt (JO) intensity parame-
ters {1, of rare-earth ions in the La site of La;Lu,Ga,0,,.

JO mtensity parameters (10-% cm?)

fon Q, Q, Q,

Ce 0.5872 3.734 22.17

Pr 0.3286 1.884 9.449
Nd 0.3167 1.206 5.186
Pm 0.1833 0.9318 3.986
Sm 0.1599 0.7902 3.300
Eu 0.1265 0.6060 2.333
Gd 0.0990 0.4588 1.610
Tb 0.1729 0.8314 3.913
Dy 0.127} 0.5830 2.428
Ho 0.1038 0.4601 1.772
Er 0.0995 0.4352 1.671
Tm 0.0968 0.4190 1.615
Yb L)OBI‘/ 0.3417 1.230
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. FIG. 2. Fluorescence of Nd**:LaLuGaG at room tempera-
ture in the region of the *Fy,,-*1,, ;-

lower power dye laser excitation varies from 290 us at 11
K to 205 us at room temperature, as shown in Fig. 4.
The solid line in Fig. 4 represents the best fit to the data
using an expression of the form

rf':r,‘"—f—C[exp[AE/(kBT)]—”_l» (rn

where 7, and 7, are the fluorescence and radiative life-
times, respectively. The last term describes the quench-
ing of the lifetime due to radiationless processes involving
the absorption of phonons of energy AE. Cis a constant
containing the matrix element for these transitions. The
values obtained from fitting Eq. (11) to the experimental
data are listed in Table IX. Several types of processes
can lead to this type of lifetime quenching and will be dis-
cussed in Sec. IT1.

11. Laser gain measurements

The laser-pumped, single-pass gain measurements us-
ing the frequency-doubled output of & mode-locked Nd-
YAG laser as the pump source were performed at Ok-
lahoma State University. This provided a 25-ps excita-
tion pulse with a few millijoules of energy at 532 nm.

10 r——

|
|

WL

|
.
.

-

Intensity [Arb. Units)
ik

850 860 870 880 890 900 910 920 930 940 950
Wavelength (nm)

FIG. 3. Fluorescence of Nd**:Lal.uGaG at room tempera-
ture in the region of the 'Fy,,-*1, ;.
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FIG. 4. Temperature dependence of the fluorescence lifetime
of the *Fy,, metastable state of Nd**:LaLuGaG. (See text for
explanation of the theoretical line.)

The probe beam was the collimated output of a xenon
lamp passed through a 0.5-m monochromator. The
change in the probe beam transmission through the sam-
ple under pumped conditions was monitored using a
0.25-m monochromator and photomultiplier tube with
the output photographed on a storage scope. Multipho-
ton excitation studies were made using the same laser for
excitation, and the fluorescence emission was monitored
with a 0.25-m monochromator with an EGG-PAR silicon
array detector and optical multichannel analyzer (OMA)
combination. Fluorescence lifetimes under these excita-
tion conditions were again measured with the boxcar in-
tegrator.

The attempt to observe single-pass gain was made with
the probe beam tuned to the emission peak at 1059 nm
while the pump beam at 532 nm was in resonance with
one of the strong absorption transitions. Although these
experimental conditions resulted in easily observable gain
for several different types of Nd-doped crystal and glass

TABLE IX. Summary of results.

l’urameterx Value

Fluorescence lifetime

r YFy, (10 K) 290 us
T, *Fy,, (300 K) 205 ps
r, 1Py, (300 K) 0.32 us
ry HF2)y, (300 K) 2.52 us

Fluorescenice rise time

o 2Py, (300 K) 317 ns

0 U F2)5,, (300 K) 200 ns
Radiative lifetime

T, AR 295 us
Energy transfer

C 1538 us

AE 30 em~!

a (100 K) 392 pus

AL, 29 cm~!

materials, no gain was observed for the 4.3 at. %
Na’*:LaLuGaG sample at room temperature. Since the
optical quality (and thus the scattering losses per pass)
was approximately the same for each of the samples in-
vestigated, the lack of optical gain indicates the presence
of some type of loss process occurring for Nd** in the
LaLuGaG host.

Direct lasing of two Nd:LaLuGaG samples was at-
tempted at the Center for Night Vision and Electro-
Optics. Two experiments were performed with different
wavelengths  of excitation and different pumping
geometries. A laser diode array capable of producing 80
mJ per pulse at 20 Hz was used as a pump at 808 nm in a
side-pump geometry. Typical outputs for Nd:YAG using
this scheme are 25 mJ.?® When a Nd:LaLuGaG sample
was inserted in the resonator, no lasing was detected at
1059 nm. End-pumping of ihe same crystal was also at-
tempted with a Coherent 699-29 ring dye laser producing
1.3 W with rhodamine 6G. Lasing was again not detect-
ed at 1059 nm. A focused dye laser beam at 595 nm pro-
duced an intense purple fluorescence at the focal point.
This 1s indicative of two-photon absorption to higher ly-
ing levels, which prevents lasing in this material. This is
consistent with the experimental results shown in Sec.
L

1. Multiphoton excitation measurements

For low excitation powers, the fluorescence emission
originates from the ‘F;,, metastable state at wavelengths
longer than 850 nm. After high-power picosecond pulse
pumping, fluorescence emission extends throughout the
visible region of the spectrum to about 800 nm, as shown
in Fig. 5. This demonstrates the presence of multiphoton
excitation processes and subsequent emission from higher
energy metastable states. The spectral dynamics occur-
ring under these pumping conditions have been studied
for Nd** in YAG, Y;Ga;0,, (YGG), and lithium silicate
glass. 2" The transitions have been shown to originate
on the *P;,, and ’Fy,, metastable states with lifetimes of
about 0.3 and 3.0 us, respectively. The fluorescence lines
shown in Fig. 5 can be divided into one set having a life-
time of 0.3 us and another set having a lifetime of 2.5 us.
In comparison to the previous results, we assign these
transitions to lines originating on the ?Py,, and % F2);,,,
respectively.

One important difference between the results obtained
on Nd**:LaLuGaG and those obtained on other hosts is
that strong emission from the *F,,, level was observed
for the other samples under these pumping conditions?®?’
but not for LaLuGaG. This implies that multiphoton ex-
citation transitions lead to relaxation channels that
bypass the *F;,, metastable state and thus act as a loss
mechanism for pumping the *F,,,-*I | ,, laser transition.
The multiphoton processes in the other hosts have been
shown to be sequential two-phuton excitation processes
(STEP’s) involving a real intermediate state,?’ and we as-
sume that the same mechanism is active in LaLuGaG.
The effects of the STEP mechanism appear to be stronger
in the LaL.uGaG sample than in the other hosts. One im-
portant spectral difference that may account for this is
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FIG. 5. Fluorescence of Nd**:LaLuGaG at room tempera-
ture after pumping at 532 nm with a 25-ps laser pulse.

that the 532-nm pump wavelength is almost exactly in
resonance with an absorption transition in LaLuGaG,
whereas for the other hosts investigated this wavelength
is onn the wing of the absorption band.

J. Energy transfer measurements

Dye laser, titne-resolved spectroscopy techniques were
used to investigate the characteristics of energy transfer
between Nd** ions in nonequivalent crystal-field sites in
the region from 560 to 600 nm. The fluorescence in the
880-nm spectral region wus monitored in this investiga-
tion and is shown in Fig. 6 tor two temperatures. At {1
K these transitions are associated with emission from the
*F,,, metastable state 1o the various Stark components of
the *1,,, ground-state manifold. At room temperature,
emission from higher excited states is present and the
transitions broaden because of both electron-phonon in-
teractions and e¢nergy transfer to ions in spectrally ine-
quivalent sites.

T T T T T T T T T
4,, = 589.23 nm 1
x1/8
5 - \ -
e
2t T=1K 1
8
S ! | L i /T/\ L !
z
a | T = 296 K )
2
: va
- 4
L 1 1 i 1 L L L D
860 /70 880 890 900

Wavelength (nm)

FIG. 6. Fluorescence of Nd'*:LaLuGaG at two tempera-
tures in the region of the *Fy,,-*1,,, transition after pumping
near 589 um with a 10-ns laser pulse.
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Microscopic strains produce slightly different crystal
fields at the site of each Nd** ion in the lattice, resulting
in inhomogeneous broadening of the spectral lines. In
addition, Nd’* ions occupying sites having significantly
different crystal-field environments produce transitions
that are easily resolvable in the optical spectra. lons ina
specific type of site can be selectively excited by tuning
the dye laser into resonance with one of the absorption
transitions associated with these ions. The results of do-
ing this are shown in Fig. 7. As the excitation wave-
length is tuned over 0.41 nm, the maximum emission of
this transition shifts from peak a to peck b, indicating a
change in the type of ion being excited. Note that the en-
ergy separation of the transitions originating from the
ions in these two types of sites is AE, =29 cm ™.

In order to study the energy transfer between Nd**
fons in these two major types of sites, the time evolution
of the relative fluorescence intensities of peaks a and b
was monitored as a function of time after the excitation
pulse for both excitation wavelengths. These time-
resolved measurements were carried out at several tem-
peratures between 1! and 100 K, above which the
thermal broadening of the lines prevented the spectral
resolution necessary for accurate measurements. In this
temperature range, no variation was observed in the ra-
tios of the intensities of peaks @ and b as a function of
time. This indicates that energy transfer between Nd'*
ions in these two different types of sites is a very weak

] T T T T bl T n
T=M1MK
| A, = 589.23 nm
— a
2 ]
g 3 i i L 1 1 L
T -
<
<L i
> 589.64 nm
P
‘@
£ .
=]
£
- b -
- —
1 1 1 i 1 1
874 875 876 877

Wavelength (nm)
FIG. 7. Fluorescence of Nd*':LaLuGaG at 11 K n the re-
gion of one of the *F,,,-'1,,, transitions for two ditferent eacita-
tion wavelengths.
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FI1G. 8. Fluorescence of Nd'* :LaLuGaG at 100 K in the 875
nm spectral region at two diiferent times after the excitation
pulse.

process. However, the similarity of the activation energy
for thermal quenching of the fluorescence lifetime and
the energy difference between peaks a and b may indicate
that at higher temperatures energy transfer between ions
in these two major types of sites does occur and results in
the quenching of the decay time.

Even though energy transfer between ions in the two
major types of sites is negligible at low temperatures,
time-resolved spectroscopy measurements do reveal spec-
tral energy transfer across an inhomogeneously
broadened line. An example of this is shown in Fig. 8
where the shape of fluorescence transition a is shown for
two times after the laser pulse at 100 K. A distinct high-
energy shoulder appears on this line at short times and
disappears at long times. This can be attributed to the
presence of energy transfer between Nd** ions in type a
sites with differences in transition energies due to local
perturbations of their surrounding crystal fields. This
type of energy transfer can be treated quantitatively in
the formahsm developed for analyzing spectral energy
transfer in doped glasses.?® In this model, the time evolu-
tion of the fluorescence intensity at frequency w is ex-
pressed as

Hon=alOH w0 +[1—a(D}(w,»), (12)

where a (1) is the function describing the energy transfer.
This can be integrated to give
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FIG. 9. Time dependence of the energy-transfer function
a(t) at 100 K obtained from Eq. (13) by monitoring the time
evolution of the shape of the fluorescence band at 875 nm.

a(x):f"[um,r)—uw,oo)]dm
IIJI

@, -1
x[f [(@,0)~I(0,0)do | . (13)
{Ul

The results of this analysis at 100 K are plotted in Fig. 9.
The energy transfer function decreases exponentially with
time, having a characteristic time constant of a=1392 us.
The energy transfer parameters are summarized in Table
IX.

III. SUMMARY AND CONCLUSIONS

The lifetime results summarized in Table IX indicate
that Nd** ions in LaLuGaG have a quantum efficiency
near 98%, which is significantly higher than that for
Nd:YAG crystals with this doping concentration.' In
addition, the rate of energy transfer between ions in the
two major types of nonequivalent crystal-field sites is
much smaller than in the YAG host.?’ Since the quan-
tum efliciency of *F;,, fluorescence in Nd’*-doped ma- -
terials is generally attributed to cross-relaxation processes
between neighboring Nd** ions which can be enhanced
by energy migration among the Nd3* ions, these resuits
are indicative of weak ion-ion interaction processes in the
LaLuGaG host. This observation is consistent with the
increased ion-ion separation in the LaLuGaG crystal.

The origin of the two major types of nonequivalent
crystal-field sites in LaLuGaG has not been identified.
However, in comparison with the results of previous
site-selection spectroscopy investigations of mixed garnet
crystals,>?? it is reasonable to assume that the different
sites are associated with dilferent lutetium environments
around the Nd** ions. In the YAG host, the energy
transfer between ions in the different types of sites has
been attributed to a two-phonon assisted process with a
real intermediate state.’?” This leads to an activation
energy associated with the energy level splitting of the
lowest two ground-state Stark components which is
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significantly greater than the measured activation energy
in the Nd**:LaL.uGaG crystal. This implies the presence
of different types of energy transfer mechanisms in the
two types of hosts.

The point-charge calculation of the odd-fold crystal
fields (k=odd A,,) was used to calculate the Judd-Ofelt
intensity parameters, ), for all the rare-earth experi-
mental values. For Nd**:LaLuGaG the radiative life-
time of the ‘F,,, level was calculated and compares
favorably with experiment. The branching ratios from a
line-to-line intensity calculation for the *F; , to *I; mani-
fold were determined. The agreement of the crystal-field
calculations with the experimental data was excellent for
the *1, and *F, multiplets as well as the Sy, and *Gs
energy levels.

The ability to incorporate high concentrations of N
in the lattice without degrading the optical quality and
maintaining a high level of quantum efficiency would

d.!+
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make LaLuGaG an attractive host for a Nd** laser ma-
terial. However, the inability to observe lasing under
pumping conditions producing gain in other Nd-doped
materials, due to the presence of strong multiphoton
transitions in this host, reduces the potential of
Nd**:LaLuGaG as a replacement for Nd'":YAG or
Nd**:Cr’ t:GSGG as an efficient 1-pum laser.
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A detailed spectroscopic and pump wavelength dependent laser study has been performed on
Nd* * ions in Ba, MgGe, O, . Site-selection spectroscopy experiments reveal fifteen distinct
crystal field sites for the Nd* * ions. At room temperature, excitation of ions in any one of
these sites is followed by efficient, thermally activated energy transfer to ions in a site having a
laser emission transition at 1054 nm. Laser-pumped laser experiments were performed to
determine the pumping threshold and slope efficiency of laser action in this material for
different monochromatic pump wavelengths. The measured slope efficiencies were found to be
pump wavelength dependent and ranged from €% to 22%. Excited-state absorption of pump
photons was shown to be responsible for this variation in the slope efficiency.

I. INTRODUCTION

The development of high power GaAlAs laser diodes
has renewed the interest in rare-earth doped solid-state
hosts. For Nd** doped materials, diode excitation at 800
nm has been shown to be more efficient than flashlamp
pumping in generating 0.9, 1.0, and 1.3 um lasers. In addi-
tion, monochromatic pumping in the near-infrared has pro-
duced visible (upconversion) emission and new laser wave-
lengths. Therefore, it is worthwhile reinvestigating materials
that do not possess superior flashlamp-pump characteristics
but can be reconsidered as materials for diode pumping. We
have chosen to study one such  material
Ba, MgGe, O,:Nd’ *, which has many attractive features.

Ba, MgGe,0,:Nd’ * (Nd:BMAG) was first studied in
the late 1960’s and early 1970’s as a flashlamp-pumped laser
material.'’ The host crystal possesses the Akermanite crys-
tal structure with space group P42, m (tetragonal)* and is a
subset of the melilite series of minerals. The Nd’* ions are
believed to occupy the Ba’ * site (C, symmetry) and charge
compensation is provided by interstitial anions, cation va-
cancies and monovalent ions,such as K* or Na*. When
doped with Nd** this crystal exhibits inhomogeneously
broadened absorption and fluorescence spectra. The room-
temperature fluorescence lifetime of 450 us for the *F,,,
metastable state' and the high thermal conductivity of the
crystal compared to a glass make Nd:BMAG an attractive
material for a diode-array pumped laser system. Spectro-
scopic measurements have recently been reported on a simi-
fur material Ba,ZnGe,0,:Nd’ *.°

We present here the results of time-resolved, site-selec-
tion spectroscopy experiments on Ba,MgGe,O,:Nd**.
The results provide information on the electronic transition
wavelengths of Nd’ * ions in different crystal field sites and
on the energy transfer between ions in these sites. In addi-

*' Present address: Center for Night Vision and Electro-Optics, Fort Bel-
varr, VA 22060-5677.
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tion, the characteristics of laser-pumped laser operation of
this material are reported. All of these results are relevant to
understanding the dynamics involved in monochromatic
pumping of this material.

1. ABSORPTION AND SITE-SELECTION
SPECTROSCOPY

The crystal used in this study was grown by Linz using
the top-seeded-solution growth technique.® The sample was
obtained from the same growth runs as those used for the
previous studies of this material.'”> The size of the sample
was 0.56x0.83 x 1.02 cm® with the long dimension parallel
to the c-axis of the crystal. The absorption spectra were re-
corded with a Perkin-Elmer Lambda 9 spectrophotometer
equipped with a polarizing attachment. Figure | shows the
polarized absorption spectrum of Nd:BMAG between 300
and 1000 nm at room temperature with the Fresnel losses
removed. The two salient features of the spectra are that at
most wavelengths the absorption coefficient for Elc is
greater than E ||c, and the sample exhibits broad absorption
features for the manifold-to-manifold transitions. The large
inhomogeneous broadening is primarily caused by the vari-
ation of the crystal field around the rare-earth ions due to the
mismatch in electronic charges between Nd* * and Ba** . In
addition to known Nd’ * absorption transitions, a broad ab-
sorption band from 320 to 420 nm has been detected and
could be attributable to a germinate complex.

Fluorescence, excitation, and site-selection spectrosco-
py measurements were performed using a 1.{olectron nitro-
gen laser-pumped dye laser that provided vxcitation pulses
of 10 ns duration, 0.5 A bandwidth, and energy of 100
mJ/pulse. The dyes used were Coumarin 440 with output
tunable from 420 to 465 nm for excitation into the 2P, ,,
manifold, and Rhodamine 590 with output tunable from 560
to 630 nm for excitation into the *G;,, and ’G,,, manifolds.
The sample was mounted in a cryogenic refrigerator capable
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FIG. 1. Absorption spectra of Nd' ' in BMAG at foom temperature with
(a) Elcand (b) £{lc polarizations. :

of reaching temperatures as low as 10 K and oriented such
that the laser pump pulses propagated along the c-axis. The
unpolarized fluorescence was monitored perpendicular to
the pump beam and focused on the entrance slit of a Spex 1
meter monochrometer. A filter was used to attenuate the
scattered pump laser light. It is we'l known that strong flu-
orescence from Nd' * ions in solids occurs in the near-in-
frared region and corresponds to transitions from the *F, ,
manifold to the lower energy ‘I manifolds. This fluores-
cence signal was detected with a liquid nitrogen cooled RCA
7102 photomultiplier tube and processed by a boxcar inte-
grator. The output of the boxcar was recorded on a strip
chart recorder.

The room-temperature energy levels of Nd'* in
BMAG were determined from absorptton and fluorescence
spectra and are listed in Table 1. The full width at haif maxi-
mum (FWIHM) was estimated from consiructed Gaussian
fits to the absorption and fluorescence bands. Reported ab-
sorption coeflicients, a,, are those measured at the band
maxima. No attempt was made to separate hot band transi-
tions or to deconvolute the multisite contributions when de-
termining the energy levels.

Figure 2 shows the excitation spectrum of the near-in-
frared emission of Nd:BMAG from 429 to 437 nm at 10 K.
The spectrum has been corrected for the filter response but
not for the dye laser intensity. The peaks observed in this
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TABLE . Room-temperature encrgy level parameters of Nd* ' :DMAG.

Stark Peak a, FWHM
manifold {cm ") (em ') (cm ")
‘D, 30 377 0.543 737

o
*D,, 28514 0.790 342
‘D, 27964 0.884 422
‘IH/I
‘D, 27 405 0.477 286
0P, 26 788 0.424 108
26 504 0.411 112
26 110 0.41) 212
25 826 0.399 147
D,,, 23776 0.337 266
p,, 23218 0.354 129
23010 0.366 243
‘Gin 22026 0.333 141
21 763 0.358 142
21622 0.358 164
Dy, 21 182 0.382 216
‘G, 20995 0.395 185
1Gy,y 19 569 0.613 84
19 478 0.691 83
19 353 0.625 86
*Gis 19030 1.020 145
18 868 0.687 78
18 761 0.629 92
‘G, 17 501 1.200 75
G, 17 483 0.851 83
17 209 1.300 92
17 103 1.440 73
17030 1.68 58
16972 1.52 55
16 846 1.09 105
16 71} 0.80 87
Houn 16 271 0.321 50
16 171 0.329 78
16 067 0.321 7
15946 0.313 84
‘Fiy 14 550 0.387 183
14 409 0.370 73
14 296 0.366 135
*Fr 13 567 1.380 S0
‘S, 13 460 1.200 73
13382 1.470 59
13 289 1.130 62
13154 0.559 73
‘Foy 12 750 0.382 44
M, 12679 0.485 40
12 553 0.929 35
12 505 1.170 39
12 429 2.040 42
12 334 0.880 52
12 252 0.621 50
Fi 11533 0572 52
11 399 1.070 49
11307 0588 47
1. M 0428 84
11046 0325 68
N V9N 6242 0.169 A
6156 0.154 47
6062 0156 69
5961 0.154 48
i 4359 0.160 35
4278 0.177 51
4225 0.193 34
4170 0.284 77
4102 0.251 27
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TABLE L. (continued)

Stark Peak a, FWHM
manifold (cm ™) {cm ") {cm™")
4057 0.280 35
4017 0.226 38
‘IH/I 2l76 67
2093 74
2029 76
1933 47
‘le 683 78
Jcd 10t
235 97
102 96
0 70

excitation range correspond to absorption transitions to the
2P, ,, manifold of Nd* *.” Since this energy level consists of a
single Stark component, each peak observed in Fig. 2 is asso-
ciated with a transition to the *P,,, level for Nd* * ions in
different crystal field sites of BMAG. The excitation spec-
trum was observed to be comprised of four groups of lines
that were well separated in wavelength. These major site
categories, labeled with a letter in Fig. 2, were composed of
*subsites” which were numbered with ascending integers
indicating descending energy. In total, fifteen individual
sites were identified. While a direct correlation is not possi-
ble with the available data, the major sites appear to be dif-
ferent crystal field centers associated with the different types
of charge compensation for the Nd* * in Ba’* positions.®
Thesubsites having the same letter designation (i.e., Al, A2,
A3, ...) are thought to be distinguished by perturbations in
the local crystal field due to tattice defects.® The intensity of
an excitation peak depends on the absorption coeflicient at
the excitation wavelength, the emission cross sections for the
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FIG 2 Excianonspectrum of the near-mfrared emission for Nd:BMAG at
10 K for trunsitions ternnnating on the *P, , energy level,
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transitions of the ions in that particular site, and the dye
response at the pump wavelength. In the excitation region
covered in Fig. 2, the dye laser response is essentially flat and
site A2 is the strongest emitter, followed closely by sites D5
and C4.

With the transitions for the sites identified in the P, ,,
excitation spectrum, it was possible to selectively excite ions
in individual sites and observe the fluorescence emitted. Fig-
ure 3 shows the *F,,, —*I,,,, fluorescence spectra at 10 K
associated with pumping the 2P, ,, level of sites A2, C4, and
D35. Time-resolved siudies showed that energy transfer
between sites was negligible at 10 K and the fluorescence
observed is solely due to ions in the site pumped. The short-
est wavelength peaks of the different sites are the highest
intensity transitions and are the common laser transitions
for Nd** ions. These transitions appear at distinctly differ-
ent wavelengths for ions in the different major sites. A rough
rule of thumbis 1050, 1060, 1070, and 1080 nm for sites A, B,
C, and D, respectively.

Optically pumping the different excitation peaks in the
P, ,, spectral region leads to the identification of many of
the Stark levels of the *F;,,, *I,, 5, and *I,,, manifolds for
the fifteen sites of Nd:BMAG. Similar measurements were
made pumping into the *G;s,, + *G,,, manifold. The results
of the spectroscopic energy level identification for the sites of
Nd:BMAG at 10 K are presented in Fig. 4. Only those ener-
gy levels that could be unambiguously identified are shown
in the figure. The energies of the levels generally decrease
from sites A to D.

il. ENERGY TRANSFER

Energy transfer between the different crystal tield sites
in Nd:BMAG was predicted from the appearance of the
room-temperature fluorescence spectrum. It was found that
cxcitation of any one of the crystal field sites at room tem-
perature produced the same fluorescence spectrum which is
shown in Fig. 5. The fluorescence bands observed in this
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FIG. 4 Partial energy level diagram for the different crystal field sites in
Nd:BMAG at 10 K. Site labels appear on the bottom.

spectrum are indicative of transitions from ions in the A type
sites, implying that energy is completely transferred to these
jons at room temperature. The energy transfer was investi-
gated by selectively exciting the ’P, ,, level of Nd* * ionsina
particular site and monitoring the fluorescence in the
*F,,, —*l,,,, transition region from all other sites.

Sites D5 and C4 were selectively excited at various tem-
peratures and the fluorescence spectra recorded are shown
in Figs. 6(a) and 6(b). The peak at 1078 nm in Fig. 6(a) is
associated with emission from ions in site DS while the peak
at 1054 nm is associated with site A2. These peaks corre-
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FIG. 5. Fluorescence at room temperature of Nd:BMAG for transitions
hetween the ‘F,,, and ‘], , manifolds.

6375 J. Appl. Phys.. Vol 68.No 12, 15 December 1990

(a) to
z ‘A_—_/__’___/\ o
5
c
g B -
‘\ “
] RIS
2 - :
g £
2 [T2) -
B
‘/\__/*-—‘——//\ [
W A
280
i A A d L
1050 1088 1066 IS 1071 1078 (0K
Wiwvelengih (nim)
MEMELJEASE B g 0 on e n an oo s 1 Lo o o
{b)
n
0
T
- -4
E4
5 o %
& v
3 N 3
e 2
2z -4
= b 2
g 3
-— —y
£
160
-
190
-
220
FEUIE PSS S WY P | Pl S Erra |
1150 1085 10641 1068 1070 1078 10%0

Wavelength ()

FIG. 6. Temperature dependence of the fluorescence for (a) site DS and
(b) site C4 pumping in Nd:BMAG. Each spectra has been normalized, and
was recorded at a defay of 200 us after the excitation pulse.

spond to the transition between the lowest crystal field levels
of the *F,,, and *I,,,, multiplets. The results show the inten-
sity of the line from site A2 growing at the expense of the line
fromssite D5 as the temperature is increased. Thus, energy is
being transferred from sensitizer ions in DS to activator ions
in A2 sites and the transfer process is thermally activated.
Fluorescence spectra were recorded at delay times rang-
ing from 10 us to | ms after the excitation pulse but no time
dependence of the relative line strengths could be observed at
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any temperature. This leads to the conclusion that the trans-
fer is completed prior to the *Fy,, emission.

Similar results were obtained for excitation of the C4
crystal field sites. The intensity of the emission peak at 1070
am for site C4 decreased as the temperature was increased
[Fig. 6(b)]. The energy was transferred to the same activa-
tor site A2 and again there was no time dependence of the
relative line strengths. Note that the transfer from site C4 is
thermally activated at a lower temperature than the transfer
from site DS5.

The temperature dependence of the energy transfer
arises as higher lying Stark components of a metastable state
become populated through a Boltzmann distribution. Ener-
gy is transferred due to the spectral overlap between the ther-
mally activated levels of the optically pumped ions, and lev-
els of the ions’in site A2. An exact resonance of the levels is
not required as some degree of mismatch can be compensat-
¢d by absorption or emission of lattice phonons.

A simple rate equation model can be used to qualitative-
ly explain the observed results. Figure 7 depicts the energy
levels involved in the dynamical processes taking place. The
sensitizer S, is the ion that 1s optically pumped (site C4 or
D5) and the activator, A, is the ion in the site to which energy
is transferred (site A2). The population of ions in the ith
level of the sensitizers and activators is designated by S, or
A,, respectively.

The population of the metastable state .S, involves ab-
sorption of excitation laser photons from */,,, to *P, ,, and
then rapid nonradiative relaxation from *P,,, to S,. There-
fore, the rate of population of S, is effectively W, the optical
pumping rate. ¥, and W, are the rates of population loss
from the metastable levels S, and 4,, and B, and B, are
nonradiative transition rates between the two Stark compo-
nents of the sensitizer multiplet involved in the transfer.
These Stark components are separated by an energy gap of
AE,. Energy transter between ions occurs through the spec-
tral overlap of the activator level 4, and the sensitizer level
S, that is thermally activated. Any energy mismatch
between the levels can be compensated by lattice phonons
and the transfer will still activate with the Stark splitting

— 34
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F1G 7 Model used 1o explain the temperature dependent enerpy transter
observed in Nd:BMAG
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AE,. The transfer is described by a forward rate, ¥, (from
sensitizer to activator), and a back transfer rate, W,, (from
activator to sensitizer).

The observed ratio of the fluorescence intensities of the
sensitizer and activator emission is proportional to the ratio
of level populations,

1,
7—=ﬂ(A2/S'2) (1

5

where the proportionality factor 8 includes parameters
compensating for possible differences in the radiative decay
rates of the fluorescing levels of the sensitizer and activator
ions. The ratio 4, /S, can be obtained from the rate equation
describing the population dynamics of level .S;.

SJ =B,S, + W4, —B,S, — W,S,. (2)

At thermal equilibrium,

al (= AE/KT) = 2o (3

— =exp( — 7)) =—.

s, P : B,

Since no time dependence of the energy transfer was ob-
served, steady state conditions can be applied and §, = 0.
Using this assumption Eq. (2) can be solved for the ratio
A,/5, obtaining

L 15 W (— AE./kT) (4)

— = exp( — AE /&

I, W, P
for the ratio of the fluorescence intensities.

Figure 8 shows the natural log of the ratio of the inte-
grated fluorescence intensity of activator and sensitizer as a
function of inverse temperature for C4 and D5 site pumping.
The results obtained by fitting Eq. (4) to the data are shown
as solid lines in Fig. 8 and the parameters obtained from
these fits are given in Table I1I. AE, is the activation energy
determined by the slope of the linear fit to the data in Fig. 8
and the intercept is associated with the constant
B( ;Vw/”/al )'

With the available data, identification of the metastable
sensitizer level involved in the transfer is not conclusive but
the most probable candidate is the *F,,, level. The energy
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FIG 8 Temperature dependence of the Quorescence intensity ratios for A2
activators with C4 or D5 sensitizers.
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TABDLE 1. Experimental energy transfer parameters for the sensitizers C4
and DS.

W
Sensitizer AE, B—-;V"'— AE,...
C4 278 + 3cm ! 38 4+ 18 iSlem-!
D5 338 4+ Stem ! 9+4 39cm™!

difference between the lowest Stark component of this multi-
plet for the activator site, A2, and the sensitizers, C4 and D35,
is given in Table IT as AE,,,,,. For the D5 — A2 transfer there
is a reasonable agreement between the activator energy re-
quired for energy transfer and the site-to-site energy differ-
ence, AE,,,,, of the *F; , level. The difference between AE,
and AE,,,, for the C4— A2 transfer indicates that phonons
with energy of 120 cm ~' would be released in this transfer
process.

1V. LASER-PUMPED LASER STUDIES

Laser action was obtained at room temperature in
Nd:BMAG using an alexandrite laser as the excitation
source. The alexandrite laser output was tunable from 725 to
790 nm and consisted of a series of puises of duration 300 ns
within a 60 us envelope. The maximum power at the peak of
the gain curve was 20 W at a repetition rate of 20 Hz and the
spectral width was approximately | nm.

The crystal was mounted in a 23-cm long cavity consist-
ing of a 50 ¢cm radius of curvature high reflector and a flat
85% reflective output coupler. Transverse pumping was em-
ployed (ELc) with cylindrical and convex lenses used to fo-
cus the pump laser beam in a line the length (0.56 cm) of the
Nd:BMAG sample. An iris was positioned in the cavity to
limit the number of oscillating modes. The power incident
on the Nd:BMAG crystal and the power output from the
Nd:BMAG laser were measured with two calibrated power
meters. The Fresnel reflections and absorption within the
cavity mode volume of the material were considered when
calculating the power absorbed by the crystai.

Figure 9 shows the absorption spectrum in the pumping
region used in these experiments. The spectral structure is
associated with absorptions,transitions terminating on the
various Stark components of the *F,,, and *S,,, manifolds.
For all the excitation wavelengths used, Nd:BMAG lased at
a wavelength of 1054 nm. As discussed in the previous sec-
tions this wavelength corresponds to the “F,,, (R,) —
*I,,,, (Y,) transition of the A2 site in Nd:BMAG. Lasing
was observed for pump wavelengths from 736.7 to 758.8 nm,
which covers most of the absorption spectrum shown in Fig.
9. Lasing could not be obtained [or excitation wavelengths
shorter than 736.7 nm because the gain curve of the alexan
drite laser limited the available pump power.

The laser power output of Nd:BMAG at 1054 nm was
monitored as a function of the incitdent pump power for sev-
eral excitation wavelengths and the results were used to de-
termine the laser threshold and slope efficiency. Figure 10
shows the data obtained in this work. Above absorbed power
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levels of 150 mW the Nd:BMAG laser power output levels
off due to saturation of absorption in the laser mode volume
(waist diameter, d = 0.069 c¢cm). The threshold for lasing
varies only a small amount with changes in pump wave-
length but there are significant changes observed in the slope
efficiency. Pumping at 749.5 nm results in the highest slope
efficiency (22%) and the lowest power threshold.

Blue and green fluorescence was apparent to the eye for
alexandrite pumping of Nd:BMAG. As observed vy eye, the
intensity of this fluorescence did not significantly change
when the sample was lasing. Moreover, the fluorescence
showed changes with excitation wavelength suggesting ex-
cited state absorption of pump laser photons may be occur-
ring. For excitation between 729 and 752 nm the fluores-
cence appeared as an intense blue and then a weaker green as
the alexandrite laser was tuned to longer wavelengths. The
pump wavelength yielding the highest laser slope efficiency
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FI1G. 10. Laser output power at {054 nin vs the cafculated absorbed pump
power in the made volume of the cavity for different pump wavelengths.
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(749.5 nm) also was associated with a minimal amount of
upconverted emission. This suggests that the processes pro-
ducing upconverted emission may be limiting the efficiency
of the Nd:BMAG laser at some pump wavelengths.

Excited state absorption (ESA)) of pump photons is pos-
sible when the pump wavelength is tuned to the transition
energy between any populated excited level and a higher lev-
el. Additionally, the incident pump photon rate must be
comparable to the decay rate of the initial excited level. Be-
cause of the high energy and short duration of the spiked
alexandrite laser pulses, this condition may be satisfied for
some of the intermediate levels of the Nd* * ion. An efficient
ESA process also requires a resonance for absorption from
the ground state. Excitation frequencies that exactly match
both resonance conditions may not be possible but transi-
tions involving vibronic levels will extend the range of wave-
lengths available for ESA.

The fluorescence in the blue-green spectral region was
recorded for three alexandrite excitation wavelengths and
the results are shown in Fig. 1 1. The spectra are corrected for
both detector and filter response and each spectrum was nor-
malized to the highest peak in the scan range. The absolute
intensity for the 738.6 nm excitation is at least an order of
magnitude greater than for the 743.2 and 753.6 nm excita-
tions. Using the room-temperature energy levels for
Nd:BMAG it was possible to determine the origin of the
upconverted transitions observed in these spectra and this is
shown in Fig. 12 with respect to the energy level diagram.

The most probable excited level for ESA is the metasta-
ble *F,,, state due to its long lifetime. However, for alexan-
drite pumping of Nd:BMAG there are no terminating levels
within the pump wavelength range and it is concluded that
this level is not involived in the processes occurring. Addi-
tionally, there were no significant changes in the intensity of
the upconverted emission when the crystal was lasing which
would be expected if this state was involved. The transition
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FIG. 1L Room-temperature Muorescence of Nd:BMAG observed for dif-
ferent excitation wavelengths of the alexandrite laser.
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*F,,, —=*G,,, labeled transition 2 in Fig. 12, is a close match
to the wavelength of the lasing photons at 1054 nm. This
ESA transition will be present for all pump laser wave-
lengths and is not responsible for the pump wavelength de-
pendent effects observed here.

The excitation wavelengths 743.2 and 738.6 nm produc-
ing blue fluorescence are a good match to the ESA transi-
tions *F,, =*P,,, and *F,,,—*D,,,, respectively. These
processes, indicated by transitions 3 and 4 in Fig. 12, de-
crease the number of ions reaching the upper laser levei *#, ,
and thus reduce the efficiency of the laser. The two levels
taking part, *F;,, and *F,,,, are known to have very fast
decay rates and ESA effects may only be associated with the
high energy, fast pulse excitation of alexandrite laser pump-
ing. Also, cross-relaxation between Nd* * ion pairs may en-
hance ESA effects by changing the single-ion decay rates
from these levels. Models describing ESA of pump photoas
have been discussed recently by Kliewer and Powell” and
Petrin ef al.'® The nonlinear, coupled differential equations
describing the level populations were solved numerically.
The results show that excited state absorption of pump pho-
tons can decrease the slope efficiency but the model docs not
yet describe the full extent of the effect.

V.SUMMARY AND CONCLUSIONS

The results obtained in this work show that Nd* ' ions
occupy several different crystal field sites in BMAG crystals,
This produces large inhomogeneous broadening of the spec-
tral transittons which influences the cross sections involved

Ferry et al 6378




in optical pumping and laser emission. Efficient energy
transfer was observed at room temperature between ions in
the different types of sites. The fluorescence observed at
room temperature occurs {rom ions in one type of site indi-
cating that energy transfer can be used to enhance laser
pumping. The mechanism for energy transfer was not deter-
mined since this depends critically on the concentration of
ions in the different types of sites. The efficiency of the ener-
gy transfer suggests that the sensitizer-activator separations
are lcss than would be expected if the ions were distributed
uniformly between the sites. Thus, it is highly probable that
the ions are not uniformly distributed but are preferentially
distributed in pairs or larger groups.

Strong blue and green fluorescence was observed when
the Nd* * ions were excited with an alexandrite laser. This
upconverted emission was pump wavelength dependent and
was attributed to excited state absorption processes. The las-
ing thresholds and slope efficiencies were determined for
Nd:BMAG at several excitation wavelengths. The lasing
slope efficiency was found to be reduced at the pumping
wavelengths associated with excited state absorption. A
pump wavelength was identified that minimized this type of
loss mechanism.
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Nd**:Ba1ZnGe;0; (BZAG) is an attractive material to be pumped by laser diodes because its fluorescence
lifetime is 305 psec and it has a broad absorption centered at 806 nm. In addition, Nd3':BZAG has a broad
fluorescence spectrum and offers the potential for tunable laser output wavelengths centered at 1.05 and
1.34 um. Time-resolved, site-selection spectroscopy measurements revealed ten different crystal-field sites for
Nd** in BZAG, but strong energy transfer batween nonequivalent ions at room temperature results in emission
from only one major site. Diode-array side pumping of 5-mm-diameter rode produced optical slope efficiencies
of 22.8%. Crystal structure, Judd-Ofelt analysis, and lager performance are discussed.

INTRODUCTION

For many years, Nd** doped in YsAl;O; (YAG) has been
the most common solid-state flash-lamp-pumped laser
owing to its high stimulated-emission cross section, ther-
mal conductivity, and mechanical strength. In the search
for improved laser materials, many materials have been
studied that possess theoretically better @-switch proper-
ties than Nd®*:YAG.' Unfortunately, many of these ma-
terials were generally unable ta tolerate the thermal
stress produced by the UV radiation that is present with
flash-lamp pumping.? Today, with efficient and long-lived
GaAlAs diodes operating at ideal pump wavelengths for
Nd** (*Fg2 *Hyp levels) in the near IR, it is possible to
congider hoat materials with less stringent thermome-
chanical requirements than Nd®*:YAG has. Desirable
properties for a diode-pumped @-switched laser material
include a longer fluorescence lifetime and a broader ab-
sorption band compared with Nd":YAG. A long fluores-
cence lifetime would increase the storage capacity of the
material and reduce the number of diodes needed to pro-
duce a given output energy. A broader absorption band
would permit a greater wavelength tolerance for an array,
thereby reducing system cost.

Flash-lamp-pumped laser action of Nd**:Ba;ZnGe,0
(BZAG) was demonstrated by the U.S. Army Night Vision
Laboratory in 1972 BZAG possesses the akermanite
(melilite) structure and congruently melts at 1320°C,
which allows these crystala to be grown by the Czochralski

0740-3224/90/071190-08$02.00

method.* The salient conclusions of the Night Vision
study were that Nd**:BZAG is a medium-gain laser ma-
terial, with a stimulated-emission cross section, a fluo-
rescence linewidth, and thermomechanical properties
intermediate between those of YAG and most glasses.®
Nd**: BZAG possesses a longer fluorescence lifetime than
Nd**: YAG and exhibits a broader absorption and fluores-
cence spectrum than those of Nd®*-doped YAG, YAIO,,
and YLiF,.! In this study we report the results of x-ray
diffraction, detailed spectroscopic analysis, and the lasing
properties of Nd-doped BZAG under diode-array, alexan-
drite, and dye-laser pumping.

EXPERIMENTAL RESULTS AND DISCUSSION

Crystal Growth and Elemental Analysis

The BZAG crystals used in this study were grown in the
late 1960’s by A. Linz (Massachusetts Institute of Tech-
nology), who used the top-seeded solution technique with
a nominal 2 mol % Nd** added to the meit. These sam-
ples are the same as those used by Horowitz et al.? in the
previous study of this laser host. A spectroscopic sample
was analyzed for elemental composition by Galbraith Labo-
ratories, Knoxville, Tennessee. Analysis of the sample
gave the following results (in weight percent): Nd, 0.14;
Ba, 45.82; Zn, 10.74; Ge, 23.61; K, <0.010, and Na, <0.010.
The corresponding Nd density was determined to be
2.9 x 107" cm?.

© 1990 Optical Society of America
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Table 1. Summary of Single-Crystal X-Ray
Diffraction Results for Ba;ZnGe,0;°
Atom x ¥ z Uleq)
Ba 0.1651(1) -0.3349(1) 0.4927(2) 28(1)
Zn 0.00000 .00000 0.00000 26(1)
Ge 0.3591(2) -0.1409(2) 0.0383(5) 25(1)
o 0.0826(16) 0.1873(14) 0.8105(22) 41(4)
0i2) ~0.1393(16) -0.3607(16) 0.2717(35) 48(6)
O 0.00000 0.50000 0.8404(40) 26(4)

'All 281 reflections were considered observed on the basis that Fy >
bl)u(Fu) A full-matrix least-squares refinement minimized Z.(|F} -
IFD:, w = o¥(Fy) + 0.0066F For all reflections, refinement converged
to R = 004965, u.R = 00721, S =102, and (A/0)nas = 0.013. Atomic
coordinates (x10') are equivalent isotropic displacement parametera (A x
10’) are listed below

*Equivalent isotropic (/ defined ns one third of the trace of the
orthogonalized U, tensor.  Parenthetical values are estimated standard
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Fig. 1. Crystal structure and unit cell of Ba;ZnGe;0- (akerman-
ite). T'he ¢ axis is vertical.

X-Ray Diffraction

The crystal structure analysis was performed at 22°C,
on a 0.25-mm-diameter ground sphere with an automated
Nicolet R3m/V diffractometer equipped with an incident-
beam graphite monochromator and Mo K-« radiation
(A = 0.71073 A). A least-squares refinement of 20 cen-
tered reflections within 10.0° < 20 < 27.5° yielded the
lattice parameters a = 8.347(2) A and ¢ = 5.554(3) A,
within reasonable agreement with the published values
of Sirazhiddinov et al.® X-ray structure investigations
showed that Nd:BZAG has tetragonal symmetry with a
space group P42,m (No. 113), with Z = Intensity data
were collected in the 20 mode (3.5° to 45.0°), with variable
scan rates from 3.9 to 14.6° min~'. The two standard re-
flections, measured for every 50 reflections, showed no
significant change during data collection (<1%). The
2114 measured reflections had Miller indices of -8 s h <
6, -6 < k < 8, and -6 s ! s 8. Equivalent reflections
were averaged to give 281 unique reflections, R, =
7.49%. The structure was solved and refined by direct
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methods with the Nicolet computer routine SHELXTL pLUS
(MicroVax II). The atomic positions of the various ions in
the unit cell are given in Table 1.

Figure 1 shows the BZAG unit cell. Four equivalent
Ba ions occupy distorted square O antiprisms in the unit
cell. Ge ions reside in distorted tetrahedra linked at one
corner to form double Ge,O; oriented upward and down-
ward relative to the optic axis.® Both the Ba®* and the
Ge'* sites possess C, symmetry. Nd®' ions substitute
with charge compensation at the large Ba®* site. Since
the Zn"" site (S,) lacks inversion symmetry, it may be
doped with large-osciilator-strength divalent transition
metals, with the potential of creating a tunable vibronic
laser material.

Absorption and Refractive-Index Measurements

The absorption spectra were recorded with a Perkin-
Elmer Lambda 9 spectrometer equipped with the polar-
izer attachment and the 7500 computer. Figures 2 and 3
are the polarized absorption spectra of }Md®*:BZAG be-
tween 300 and 1000 nm at room temperature. For most
wavelengths, the absorption coefficient for light having its
E vector normal to the ¢ axis (E,) is greater than that for
radiation with £ parallel to the ¢ axis (E,). These obser-
vations are consistent with results for an analogous mate-
rial, Nd%*:Ba,MgGe,0,."® The absorption cross section
at the peak of the 2Fy, transition at 806 nm is five times
higher for E, than for E,. Another salient feature of the
spectra is the inhomogeneous broadening occurring in
Nd®*:BZAG, which produces absorption linewidths inter-
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Fig. 2. Absorption spectrum of Nd*':BZAG at room tempera.
ture wnth E perpendicular to C. The Nd concentration is 2.9 x
10"
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Fig. 3. Absorption spectrum of Nd**:BZAG at room tempera.
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Table 2. Indices of Refraction of Nd*':BZAG

Wavelength Ny no
632.8 1.760 1.747
611.9 1.767 1.752
594.1 1.764 1.752
543.0 1.764 -
514.5 1.776 1.762
501.7 1.772 1.762
496.5 1.775 1.762
488.0 1.773 1.756
476.5 1.781 1.762
4579 1.790 1.777
441.6 1.796 1.756

Sellmeier Coefficients
A 2.012 2.000
B (um?) 0.01662 0.01168

mediate between those of YAG and glasses. This is due
primarily to the distortion of the crystal field around the
Nd** ions caused by charge compensation. Since no
monovalent ions were detected in the sample, the substitu-
tion of Nd** for Ba®* requires the use of interstitial anions
or cation vacancies for charge compensation.®

The refractive indices, n,,, of Nd:BZAG were mea-
sured by the method of minimum deviation. A polished
prism was fabricated with an angle of 30°59' perpendicu-
lar to the optic axis. He-Ne, He-Cd, and Ar-ion lasers
provided polarized monochromatic light from 442 to
632 nm. The measured refractive indicies are tabulated
in Table 2. These experimental data were least-squares
fitted to Sellmeier’s dispersion equations, yielding

2.012%
2 = ’
e =t 001662 @
2
Lt 4 20002 )

AZ — 001168 pm?

Nd?*:BZAG Fluorescence

The fluorescence spectrum of the ‘F;; metastable state in
Nd3*: BZAG was recorded with a Spex F222 spectrometer
equipped with a liquid-N;-cooled Ge or room-temperature
Si detector. Figures 4-6 show the polarized fluorescence
spectra in the region of the ‘Fyg — *Io2, *Fa — ‘I112, and
‘Fi2 = ‘I3 transitions and were corrected for detector
response, grating efficiepncy, and polarization effects.
The fluorescence spectra for transitions terminating to
‘I4; were not corrected for reabsorption. In all cases, the
fluorescence intensity is stronger for E, than for E,.
These spectra are different from those published, and the
differences are attributed to the lack of correction factors
in the previous study.® The broad nature of these fluores-
cence curves shows the potential for continuously tunable
laser output, which is not obtainable in Nd**: YAG.

In addition to the typical emission from Nd**, fluores-
cence was also seen at higher energies. Fluorescence and
excitation spectra were recorded in this spectral region
with the Perkin-Elmer MPF-66 fluorescence spectropho-
tometer. Figure 7 shows the room-temperature fluores-
cence spectrum of a band at 805 nm that is characteristic
of emission from the ‘Fy,, *Hy2 manifold to *l4.. It should

Allik et al.

be noted that the fluorescence spectrum has not been
corrected for the wavelength response of the R928 photo-
multiplier used. Detection of the fluorescence with a
750-nm blazed grating and an RCA 7102 (S-1) photomulti-
plier, and thus with nearly constant sensitivity between
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Fig. 4. Fluorescence spectrum at room temperature of the
‘Fyz — ‘Iyz transition.
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Fig. 5. Fluorescence spectrum at room temperature of the
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Fig. 6. Fluorescence spectrum at room temperature of the
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Fig. 7. The excitation and fluorescence spectra of Nd**:BZAG
showing the emission from the ‘Fys, *Hy; manifold. For the
emission spectrum the excitation wavelength was 587 nm and
the resolution of the emission monochromator was 2 nm. For the
excitation spectrum the emission wavelength was 804 nm, both
monochromators had a 5-nm resolution, and the spectrum was
corrected to 600 nm with a quantum counter.

800 and 900 nm, showed the *‘Fe». 2Hy, emission to be
weaker than the ‘F32 by upproximately a factor ot 50 at
room temperature. The room-temperature fluorescence
lifetime at 800 nm when frequency-doubled Nd3*: YAG ex-
citation is used is equal to that of the ‘Fy, state to within
experimental error. Given the rather small energy gap
(~1000 cm™") between the *‘Fyq, *Hg2 and ‘Fi» manifolds,
we conclude that these manifolds reach thermal equilib-

rium in a time scale shorter than the room-temperature.

fluorescence lifetime. In view of the weakness of the
‘Fy2, *Hypy fluorescence relative to that from *Fy,, this
higher-energy manifold fluorescence should have a mini-
mal effect on laser performance.

Figure 7 also shows the excitation spectrum of the ger-
manium oxide fluorescence, which clearly agrees with the
absorption spectra except for the absence of the strong UV
absorption edge near 320 nm with a tail extending into
the visible region.

Figure 8 shows the room-temperature fluorescence and
excitation spectra in the UV/visible region. These spec-
tra are characteristic of the host (presumably from a
germanium oxide center)'® and not of Nd** (4f%) states.
This broad fluorescence can also be excited by the doubled
Nd**:YAG laser (532 nm). With this pump source the
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fluorescence lifetime was observed to be shorter than
50 nsec.

Site-Selection Spectroscopy and Energy Transfer
With dye-laser excitation we were able to excite Nd ions
selectively in specific crystal-field sites. Absorption and
fluorescence spectra below 35 K were significantly nar-
row, enabling us to determine the energy-level positions of
the Nd®* ions. An excitation spectrum was generated by
using Coumarin 440 dye pumping in the region of the P, ,
energy level since it is nondegenerate with respect to the
electric field (it has only one Stark component) and is rela-
tively isolated from other energy levels. The laser pro-
vided pulses of less than 10-nsec duration and less than
0.5-A FWHM. The excitation spectrum of Nd®*:BZAG
appears in Fig. 9, which shows five crystal field sites (la-
beled A through E), with the majority of Nd** occupying
A sites. These sites are due to dramatically different
crystal-field interactions with Nd3*. Three of these sites
are found to be composed of distinct subsites (A,-A4, D, 5,
and E, ;) for a total of ten crystal-field sites. These tran-
sitions are attributable to weaker crystal-field variations
and exhibit changes in wavelengths and intensities (con-
centrations) resulting from Nd®* ions’ residing in the Ba®*
site with different nearest neighbors.

Low-temperature fluorescence spectra indicate that the

Excitation

Intensity {(Arb. Units)

T
250 300 350 400 450
Wavelength (nm)

1.0

—

Emission

Intensity {Arh. Units)
T 7 T

400 450 500 550 600 650 700 750 80O

Wavelength (nm)

Fig. 8. Excitation and fluorescence spectra at room temperature
of the host. For the emission spectrum the excitation wavelength
was 220 nm and the resolution of the emission monochromator
was 2 nm. For the excitation spectrum the emission wavelength
was 500 nm, and the spectrum has been corrected with a quan-
tum counter.
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Fig. 9. Excitation spectrum at 35 K in the region of the Hag —

3p,, transition. The excitation peaks correspond to different
crystal-field sites.

most intense transition from ‘Fy; to ‘I, is site dependent
and ranges from 1052.5 nm for A, to 1078.0 nm for D,.
The Stark levels for *Iy,, ‘1112, the lower state of ‘Fp, and
2P, have been spectroscopically determined for sites A,,
B, C, D,, and D, and appear in Fig. 10. Line overlap of
the various subsites is responsible for the multisite fluo-
rescence observed at low temperatures and inhibits the
clear identification of the Stark levels of all sites. Room-
temperature fluorescence at different excitation wave-
lengths exhibits only type A fluorescence, which implies
rapid energy transfer and an enhancement in laser pump-
ing. In Nd®':Ba,MgGe;0; the energy transfer is ther-
mally activated and occurs on a time scale much faster
than 10 usec.?

The low-temperature fluorescence lifetimes of ‘F,, for
the various sites also appear in Fig. 10. The fluores-
cent lifetime of the A site was measured between 10 and
350 K and was temperature independent for this sample
concentration.

Branching Ratios and Radiative Lifetimes of Nd**:BZAG
The branching ratios and radiative lifetimes of ‘Fy, — ‘I,
(J = 9/2, 11/2, 13/2, 15/2) for Nd** in BZAG were deter-
mined by direct application of the Judd-Ofeit theory.'*'?
Judd-Ofelt analysis has been performed with a high
degree of accuracy to determine Nd** laser parameters.
Numerous authors have described the data-reduction
procedures for isotropic materials, and the procedures will
not be given here."*'* The measured polarized absorbances
were averaged spatially by the method of Lomheim
and DeShazer'® since the absorption coefficient for
Nd®*:BZAG varies dramatically with the polarization of
the incident light. The spatially averaged integrated ab-
sorbance, [} is

= -(L) L \ In{1/3 exp[—a.(A)L] + 2/3

x exp[—a{A)L]}dA, 3)

Alhk et ul.

where L is the sample length and a(A) is the absorption
coefficient. To determine T, the 7 and & transmittance
spectra (with the Fresnel loss removed) were merged to-
gether and integrated as given by Eq. (3). The absorb-
ances were converted to line strengths, S, by using
Eq. (4):

_ 3ch(2J + 1) 9n —
Sases = 8mieAp [(n2 + 2)’]“ )

where 1 is the mean wavelength of the band, J = 9/2 is the
angular momentum of the ground ‘I3; manifold, and p is
the Nd®* concentration (2.9 x 10' cm™®). Values for the
index of refraction were taken from Sellmeier's dispersion
equations (1) and (2) and were averaged in the same man-
ner as the integrated absorbances. Table 3 shows the
spatially averaged absorbances and line strengths for nine
absorption bands. A least-squares fitting of S.u. to Speu
yields values for the Judd-Ofelt parameters of {13 (4. The
radiative lifetime and the branching ratios of the ‘Fy;
state along with ), ,¢ are given in Table 4.

It is worthwhile pointing out two prominent features
from this analysis. First, the branching ratio to ‘I, is sig-
nificantly larger in Nd**:BZAG (41%) than in Nd*': YAG
{~30%),! which enhances the stimulated-emission cross
section down to the ground-state manifold. This fea-
ture has been observed in another melilite crystal,
Nd**:SrGdGa;0,,'® and is desirable for generating 0.9-um
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Table 3. Spatially Averaged Absorbances and Line Strengths (Measured and Calculated) for Nd**:BZAG

Excited J Manifold A (nm) T (nm/cm) Shmeas’ Seaic” a8y
‘Fin 877 3.910 0.83 1.12 0.0841
Fun, *Hyn 804 14.434 3.34 3.20 0.0196
Fia, 'Shy 746 11.642 2.90 3.03 0.0169
‘Faz 685 1.029 0.28 0.21 0.0049
M 627 0.110 0.03 0.06 0.0009
‘Gum, 101 585 18.019 5.69 5.70 0.0001
K aa, ‘G, ‘Gan 529 5.223 1.82 1.62 0.0400
w2, ‘Gaz Dan, *Cuin 467 1.132 0.44 0.34 0.0100
Py 431 0.279 0.12 0.16 0.0016

10 * cm?; rma line strength, 2.50 x 107%° ¢cm? ASme = 0.17 x 107% cm? rms error, 6.8%.

Table 4. Judd-Ofelt Parameters and Predicted
Optical Properties of Nd** in BZAG

0, =322 x 107 cm?
0, = 3.86 x 10 em®
1y = 4.31 x 107 cm?

Judd-Ofeit parameters

‘Fy2 Radiative lifetime 280 usec
Branching ratios
‘Fig — ‘lsn 41.1%
‘Fin = ‘Tan 49.1%
‘an — ‘Ilm 94%
‘F)n — ‘Ilyz 0.4%

radiation from Nd*'-doped laser materials. Second, the
radiative lifetime of the ‘Fy, state has been calculated to
be 280 usec and is within experimental error of the fluo-
rescence lifetime of the majority A site. This implies that
the quantum efficiency of the ‘F, state of Nd**:BZAG,
N¢ = T//1,, i8 near unity.

Laser Measurements

Room-temperature laser action was achieved in
Nd**:BZAG at 1.054 zm in both the side-and end-pump
geometries with three different laser sources. In the
gide-pump configuration the pump source was a lager-
diode array operating at 806 nm that was close-coupled to
the rod; it was described in a previous publication.”” The
end-pump sources were an Allied Technologies MS500
alexandrite laser (1.6 W) operating at 766 nm and a 1-W
Coherent 699-29 Rhodamine 6G dye laser operating near
590 nm. For alexandrite end pumping, the alexandrite
laser was collimated to a 5-mm diameter and operated
long pulse (100 usec) at 4 Hz. The cw dye laser was
focused into the rod with a 3-cm focal-length lens and
chepped at a 50% duty cycle to prevent damage to the coat-
ings. Pulsed output energy was measured with Laser

Precision RjP-734(6) pyroelectric joulemeters, and the
temporal output was monitored with a Si photodiode. A
Lexel Model 504 power meter was used to measure the
dye-laser pump power.

The laser rods were fabricated from a 5-mm-diameter x
27-mm-long sample with the ¢ axis nearly perpendicu-
lar to the rod faces. The optical quality of the material
was excellent, and the optical finishes showed no water
absorption damage after more than 15 years of storage.
An interferogram of this stock material produced a peak-
to-valley distortion of 0.156 wave, with a rms deviation of
0.027 wave at 632 nm. Two rods were fabricated to a
length of 11 mm and were broadband antireflection
coated at one end (centered at 1.05 um) and highly reflec-
tion coated on a 5-m convex radius of curvature on the
other. The barrel of the rod was polished and was antire-
flrction coated for the 806-nm pump wavelength on 240°
of the barrel for efficient side pumping. The rod was
mounted in a polished Cu block and was rotated to maxi-
mize absorption and laser performance at 1.06 um.

Table 5 summarizes the experimental results for these
three pump wavelengths. The optical slope efficiencies in
Table 5 for alexandrite pumping were normalized for ab-
sorbed power in the crystal since the coating was partially
reflective for the pump radiation. Figure 11 shows a
comparison between alexandrite end-pumped Nd®*.doped
BZAG and YAG made with the same cavity length and
output coupler. The slope efficiencies for Nd**: YAG
and Nd3*:BZAG were 53% and 16%, respectively. The
diode-array side-pumping performance for Nd**:BZAG.
appears in Fig. 12. The slope efficiency of 22.8% is signifi-
cantly less than Nd®*: YAG's value of 47.7% in this setup."’
The lower efficiency of Nd**:BZAG is attributabie to
higher resonator losses and to a reduced upper-state
efficiency'® compared with those of Nd*':YAG. The
round-trip Findlay-Clay losses for multimode operation of
Nd?*: BZAG were measured to be 4%, which are 33% higher

Table 5. Laser Performance of Nd**:BZAG (1064 nm) at Three Excitation Wavelengths
Cavity Outcoupler Slope
Pump Laser Pump Length Pulse Reflectivity Efficiency
Wavelength (nm) Geometry (cm) Duration (Radius of Curvature) (%)
Diode array (806) Transverse 10 300 usec 0.976 (64 cm) 228
Alexandrite (765) Longitudinal 15 100 usec 0.975 (67 cm) 16 .4
Rhodamine 6G (590) Longitudinal 3 cw 0.97 (6cm) 18.0




1196 J. Opt. Soc. Am. B/Vol. 7, Nu. tiuly 1990

YAG

100 ﬂ [

% /
g n Py
- /
g - ...
Py .
.g S0 ‘u

@ BZAG

%

o o’

20 - s

10 //, ; ‘C/’-

2
n T T T T T
0 50 100 150 00 50
Energy Absorbed (mJ)
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20

2 '
— 16 /
> o
g 12 /
Lﬁ n = 22.8% ‘/'
- 8 o
3 e
g .

q ]
0 .//

y
0
0 20 10 60 80 100 120

Input Energy (mJ)

Fig. 12. Multimode laser output as a function of input energy for
a 5-mm-diameter, 11-mm-long Nd**: BZAG rod. The diode-array
pulse duration is 300 usec.

than those for Nd**:YAG." YAG doped at its typical Nd
concentration of 0.72 wt. % has a larger absorption coeffi-
cient than Nd**: BZAG used in this study (0.14 wt. %). In
addition, a larger-diameter (6.35-mm) rod of Nd®*:YAG
was used, enabling a larger portion of the input energy to
be absorbed.

The laser performance of Nd*':BZAG has been mea-
sured at three excitation wavelengths. Normalization for
the quantum defect for the three pump wavelengths in
Table 5 results in comparable quantum slope efficiencies
at 806 nm (30.0%) and 590 nm (32.2%) but is significantly
lower at 755 nm (22.9%). Pumping into the ‘Fys, ‘Sie
band with an alexandrite laser has been shown to cause
low lasing slope efficiencies owing to pump-wavelength-
dependent losses in Nd®*—doped BMAG.® Excited-state
absorption of the pump photons can excite Nd3* ions to
high-lying *Dj; and *Dy, states from initial levels above
‘Fis. This creates a loss mechanism in BMAG and possi-
bly may well do so in BZAG.

CONCLUSIONS

A spectroscopic analysis and laser study of Nd*':BZAG
has been performed. The broad absorption spectrum at
800 nm makes BZAG an attractive material to be pumped
by laser diodes. The 305-usec fluorescence lifetime is
beneficial for high-energy storage and efficient Q-switch

Allik et ul.

operation. The diode-array-pumped slope efficiency was
22.8%, which is less than the 47.7% value determined for
Nd**:YAG. This smaller efficiency is attributed to less
efficient pump coupling owing to the smaller-diameter
Nd?**:BZAG rod and higher scattering losses. Diode-
array-pump efficiency can be increased by improvement in
crystal quality, along with an increase in the Nd con-
centration or absorption path length and more efficient
pump coupling.
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ITT. SPECTROSCOPIC PROPERTIES OF
CHROMIUM—DOPED LASER CRYSTALS

The five manuscripts in this section document the results of
four-wave mixing studies of Cr3+-dopeu laser crystals. The first
paper describes results obtained on alexandrite. One important
aspect of this work is the theoretical development that was done
to understand the propertie— of four-wave mixing signals of ions
in solids. This has resulted in the characterization of long
range energy transfer among the chromium ions which can affect
the saturation properties of the material during optical pumping.
In addition, this work reports the identification of the
relaxation channel between the pump band and the metastable state
which has not been previously investigated.

Similar properties were studied in chromium-doped emerald,
several garnet crystals, and a glass ceramic host. The work on
emerald and the garnet hosts focused on characterizing the energy
migration and on the identification of ions in different 1local
crystal field sites. Laser-induced color centers were also
reported in the garnets. In the class ceramic host the
investigation focused on relaxation processes.

This work 1is a continuation of previous studies of cr3t
laser materials. The data base being established from this study
is providing information that can be used to predict the spectral

3* jons in other laser crystals. On important

properties Cr
observation from this work is that non-random distributions of
cr3t ions are present in most materials and play an important

role in determining spectral dynamics.




IIT.1

VOLUME 38, NUMBER 9 15 SEPTEMBER 1988-11

PHYSICAL REVIEW B
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Four-wave-mixing techniques were used to establish and probe population gratings of Cr** ions
in alexandrite crystals at temperatures between 10 and 300 K, The results were interpreted in terms
of the interaction of the laser radiation with a two-level atomic system, They provide information
about the characteristics of four-wave-mixing signals for this physical situation as well as being use-
ful in characterizing the properties of energy transfer and dephasing within the ensemble of Cr'+
ions. The patterns of the transient four-wave-mixing signals are consistent with a model based on
the pumping dynamics of ions in the mirror and inversion crystal-field sites. The variation of the
signal intensity with laser power is strongly affected by beam depletion. The characteristics of exci-
ton migration among Cr** ions in mirror sites were determined from the results of measuring the
variation of the signal decay rate with grating spacing. The temperature dependences of the ion-ion
interaction rate, the exciton-phonon scattering rate, and the diffusion coefficient were determined.
These are found to be essentially the same far pumping into the *T; and *E levels, but the effects of
scattering from a grating of ions in inversion sites is much stronger for ‘T, pumping. The dephas-
ing times for the atomic system were found from analyzing the variation of the signal intensity with
grating spacing. For pumping into the *T, level the dephasing is dominated by radiationless decay
processes. A model is presented for the decay channel that provides a theoretical explanation for
the decay process which is consistent with the measured temperature and frequency dependences of
the results as well as their variation with crystal-field strength. For pumping into the E level the
dephasing is dominated by dephasing processes associated with the inhomogeneous linewidth of the
transition.

1. INTRODUCTION the aluminum ions in the chrysoberyl lattice, one having
mirror symmetry and one with inversion symmetry. Ap-
proximately 78% of the Cr’* ions occupy mirror sites
and 22% occupy inversion sites.'® The optical spectro-
scopic properties of Cr’* ions in each type of site have
been reported previousiy.'' ~ 13

Previous LIG results on alexandrite demonstrated the
ability to establish gratings in either mirror or inversion-
site ions by pumping into the *T, levels of the ions in
these two types of sites.>® The gratings were found to be
dominated by the difference in the disg)ersion contribu-
tion to the refractive index when the Cr